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Abstract

• The feasibility of adipting a powder lubrication system for the lubrication of
the wain sabft bearings co an unfired J-69 gas turbine engine was established, In lieu
(f the oil lubrication eytcm used in the standard engine. Ball and roller bearings
have been successfully lkbricated with powder-lubrication in r. J-69 u.dred gas tur-
bine engine. Ball bearin,;s have been successfully operated for period&e of 35 hours
with powder lubricants. ntrust load tests to 500 pounds at 8000 rpm were conducted.
Testing with a 100 poumd thrust load to 20, 00A rpm with heated (bleel air temperature)
carrier air was successfully performS.. m, two different bearilng designs. Both bear-
ings were deep groove, eplit inner ring design with a one piece outer ring guided
retainer made -tf silverplated AIS&415 vttel; one bearing had inner and outer races
and balls of M-50 vacuum. melt bol steel; the other Nad the inner and outer races
and balls of 440CM modified corrosion remistazt steel. Roller bearings have per-
formed successfully through a *Seed range of 8,000 to 20,000 rpm at stabilized
operating temperatures of 515 F, simulating estimated op-ratihg conditions. The
bearing bad inner ring guided rollers and an outer ring guided rtainer. Rings and
rollers were of M-50 vacuum melt tool steel and the retainer wua Monel S.

The tubricant used for all the evaluations was a. pWder mixture cansisting of
five parts of micronized Acheson No. .8 graphite plus one part of laboratory-grade
cadmium oxide entrained In an air carri er. The optimum lubricant powder flow for
ball bearing operation under thrust loaded conditions is ab ,t 0. 015 grams per
mlmte.

Redesign and retrofit of a J-69 gas turbine engý.ne witt a powder lubrication
"system was completed so that engine could be tested under fired conditions.
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SECTION I

INTRODUCTION

Powder lubrication is defined as lubrication by a solid film that is coztinuou.-ly
being deposited on a surface from a &uspension of solid particles in a carrier gas.
The performance of this lubrication tecbnique is a function of both the carrier gas
and the lubricant. The Imiportant paramete-rs* are as follows:

* Ratio of carrier gas to lubricant

* Velocity of the gas stream

• Mixture ratio of the lubricant
(Relative proportions by weight o-7 the powder components)

"* Particle size

"* Thermal stability

* Filming qualities of the lubricant

Prior research programs have also investigated the endarance capability of bear-
ings nmd gears lubricated with powder lubricants while operating at temperatures to
12000 F. These studies examined the following specific areas:

a Bearing and gear material

* Bearing and gar design

"* Labricants

"* Method of lubricant application f
The evidence obtained from prior investigations shows that the powdsr lubrication

technique is capable of lubricating bearings and gears at high temperatures and is
feasible for lubricating a turbine engine. The major problem areas that have been
investigated under this program are as follows:

0 Lubricant efficiency

* Heat rejection req~uircments

* Bearing design

* Growth and distortion due to thermal gradients

• These parameters have been investigated in previous programs
(Reference 1 and 2.)

1._



0 Powder lubrication distribution eystem

a. Lubricant supply
b. Lubricsnt exhaust
c. Seals

* Materials

The lubricant selected ,or use in this program is a mixture of five parts by weight
of gpiaphite to one-part of cadmium oxide. This libricant was selected on the basis of
its abs' -y to provide a lubricating film at temperatures ranging from ambient room
temperature to temperatures above 800 F. The powder lubricant can be used below
room temperature, providing that at temperatures below 32" Fahrenheit both the
powder and carrier air are absolutely dry and free of water moisture. Otherwise,
the powder would tend to cake and solidify. A more detailed discussion of lubricant
selection Is presented in section 5. Background information, which includes the
analysis of adaption of the J-69 Turbine engine for powder lubrication, Is presented
In reference 3.

The complexity of the turbine eane required that preliminary testing be
accomplished on a separate bearing test rig prior to testing the powder lubricated
bearings in an actual J-69 engine. This test rig wus designed to measure the
powder lubricant efficiency as compared to the efficiency of the existing engine
lubrication system. This information enabled the engine bearing temperatures to
be predicted when being lubricated with powder lubricant. The results of these tests
as well as the engine thermal analysis is presented in reference 4,

The next phase of the program was to install a powder lubrication system in
a J-69 engine aud test the .ngine at moderate speeds, loads and temperatures to
optimize the bearing design and powder lubricant supply and exhaust systems. This
phase of testing has been previously reported in reference 4.

This report deals primarily with operation of powder lubricated bearings in an
nfired J-69 engine at conditions of speed, load, and temperature simulating those

expected in an actual fired engine. The report discusses work performed from June
1966 to June 1967 with respect to the following:

* Unfired J-69 engine testing at simulated fired engine conditions of speed,
load and temperature.

Finalized design of powder lubrication system for use with a fired J-69
engine.

* Modification of fired J-69 engine for use with powder lubrication.

2
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SECTION 11

SUMMARY

The third year of this program was primarily devoted to the testing of an unfired,
powder lubricated J-69 engine at speeds up to 20, 000 RPM at bearing temperatures
and loads which simulated those expecied in a fired engine.

Earlier engine testing (Reference 4) was concerned with selection of bearing
materials and development of bearing design for use in the engine. Bearing materials
were selected primarily on the basis of estimated operating temperatures, in con-
junction with good lubricant filming characteristics. Low speed testing was success-
fully performed during the earlier report Reriod at 8, 000 and 12,000 RPM with the
engine rear (roller) bearing heated to 540 F.

Testing during this phase of the program was concerned primarily with operation
of the unfired engine at 20,000 RPM with the rear bearing operating at a temperature
of 5400 F, and with 50 to 100 pounds thrust loading on the front bearing. A roller
bearing was successfully operated under design conditions and ball bearings of
two different designs were successfully operated under design conditions of speed and
load.

A complete design review of the conventionally lubricated J-69 engine was under-
taken, and a powder Wubrication manifolding and seal system was designed to be in-
corporated into the engine with a minimum number of changes to the existing engine
components.

A second J-69 engine was disassembled, modified with the incorporation of a
powder lubrication system, and reassembled for final testing of Wright- Patterson Air
Force Base, Dayton, Ohio.

3/4
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SECTION III

DISCUSSION

GENERAL

USAF Gontract No. AF33(615)-1331 has as its objective the design and fabrica-
tion of a lubrication system for a J-69 turbojet engine utilizing powder lubrication in
lieu of conventional oil lubrication of the engine rotor shaft main bearings. Originally
the Pratt and Whitney J-57 gas turbine engine was comnidered for this program, but
as this engine was very large and complex; it was mutual'y agreed that a smaller,
simpler engine would be selected. Three candidate engt ies were evalu, ted; the J-69
engine manufactured by Continental A~iation and Engineering Corporation; the T-53
engine manufactured by the Lycorqing'Divisio, of AVC ) Corporation, and the T-63
engine manufactured by the Allison Division ,of the General Motors Corporatihm. Of
the three engines the J-69 was selected for the program as both dih'wings aud engW es
were available. The T-53 and T-63 were both eliminated because of the reductien
gear boxes which contained planetary gear sets, and were newer engines and not crn-
sidered as reliable as the J-69.

However, before a powder lubrication system could be incorporated into an op- -,

er~ating engine, studies and testing were needed, both of system conponents (lubri-
cant distribution system and powder lubricated bearing design) 9nd of the entire
engine lubricating system. The scope of this system covers the entire engine, less
accessory gear train and gearbox, and is divided into the forlowing study areas:

* Seals and main engine bearings

* Powder dissemination

* Manifold and plumbing

• Engine hardware

* Engine test program

TEST ENGTINE DESIGN AND PRINCIPAL PERFORMANCE CRITERIA

The turbojet engine vsed as the test engine for this program is a USAF Model
J69-T-25 manufactured by the Continental Aviation and Engineering Corporation
(Figure 1). It has a normal rated thrust of 880 pounds with a minimum thrust of 1025
pounds for takeoff. Engine performance ratings are listed in Table 1. The engine
has a maximum diameter of 22.3 inches, a length of approximately 50 inches (not
including tail pipe extension) and a dry weight of 364 pounds. ' The engine Is of the
typical turbojet type, with the exception of the centrifugal fuel diswributcL which is
built into the main rotor shaft.

The air enters through a three-strut- supported intake housing and is compressed
by a centrifugal impeller into an annular combustion chamber. Combustion products

5
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Figure 1. Test Engine

TABLE 1.
ENGINE PERFORMANCE

*Engine Speed * Minimum
Performance Thrust

Ratings RPM Percent Lb~J)

Maxdmum. 21730 100 1025
Military 21730 100 1025
Normal 20700 95 880
90% Normal 20000 92 795

*75% Normal 19000 88 660
Idle 7820-8260 36-88 70 Mafx.

*Standar~d day conditions (if 29. 2 in Hg and 599 F

6



and secondary air are directed by a stator assembly into a single-spool, fir-tree
footed turbine wheel. The tail cone is abbreviated and is usually designed to suit
particular airframe assemblies.

This program deals with the lubrication of the main rotor shaft and its bearings.
The complete shaft assembiy consists of the compressor, fuel distributor, thin
walled spacer, turbine wheel, and outboard stub shaft and is supported by two
identical-bore (35 mm) bearings. The front main bearing is a deep-race ball bearing
and takes up thrust while the aft bearing is a cylindrical roller bearing that permits
a limited axial growth of the shaft due to operating thermal conditions.

The primary purpose of this program was to demonstrate the feasibility of using
powder lubricated bearings in an kpplication such as a turbojet rotor shaft. The
reason for using a powder lubrIcaut is to provide the adequate lubricant performance
in a component (bearing or gear) normally operating In a htgh-temperature environ-
ment. In a moderate-temperature environment, such as the J-69 rotor bearings, the
substitution of powder for the normal oil lubrication system actually causes an In-
crease in bearing operating temperature, as the cooling properties of powder lubri-
cant and powder carrier air are very small compared with those of oil lubricants.
At the J-69 rear bearings, actual operating temperature with oil lubrication is about
330 F, wh;le the calculated temperature vising powder lubrication is 530 F. This
temperature difference should only affect the areas immediately adjacent to the rear
bearing and the change from oil to powder lubrication was not expected to have any
effect on engine performance other than that concerned with bearing operation.

The primary task of this program was to evaluate the use of powder lubricants
on the bearings and seals at engine operating conditions using engine bleed air as
the carrier gas. Typical test requirements are listed in table II.

"I
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TABLE ,I

TEST REQUIREMENTS

Item LAmiP Remarks

Allowable Speed Fluotuatton

8040 RPM (37 PCI) *50 RPM (0. 23 PCIT)

21730 RPM (100 FCT) *25 RPM (0.12 PCT)

Vibration (at front and rear) 1.5 Milo Maximum Above 16, 000 RPM

3.5 mils Maximum Below 16, 000 RPM

5. 0 mils Transient Peak between 10, 000

and 16, 000 RPM

POWER EXTRCTIO

Accessory Torque, Lb-Tn. HP Speed, RPM

Strter-Generator 100 12.4 7,823
Oil-Pump 13 1.0 4,694
Tachometer 7 0.5 4,224
Fae Control 9 0.5 3,663
Fuel Punm 69 4.0 3, 663
Hydraulic Pun* 175 10.2 3,663
Main TurintI1e Shaft 28.6 21,730

*Optionl for this test setup.

STARTER - Minimum Speed and Torque

Cond~tion I Torque Lb-FY 600 F 'tarter Drive Englue Rotor

""PM RPM
Firing 12 432 1200

Cut-ot - 1i0o 5000

L



SECTION IV

TEST BEARINGS

GENERAL

One roller bearing and one ball bearing are used to dupprrt the engine main rotor
assembly. Both bearings are of the basic 207 size (lUght series, 35-mm bore) with
modifications for the high rotational speeds encountered in this applcation. General
characteristics of the bearings used both in bearing rig and in engine testing are
described in the following paragraphs. Inner and outer race curvature
of all the ball bearings are as follows:

disc radius = 52 percent of ball diameter, or
disc diameter = 104 percent of ball diameter.

Detail modifications are listed in the test summary tables.

BALL BEARING SERIES B-1 (Actual Engine Bearing)

The engine front main bearing is a ball bearing of split-inner-ring, deep-groove
construction to accommodate high thrust loads, as shown in figure 2.

The production bearing, as supplied with the engine, has 12 balls of 7/16-inch
diameter. Balls and rings are of 52100 bearing steel. The one-piece retainer is
silver plated, forged silikon-iron bronze (AMS4616) and is of outer-ring guided
design.

BALL BEARING SERIES B-2

Bearing B-2, shown in filgre 3, is similar to B-i, but with rings and balls of
M-50 vacuum-mglt tool steel. The one-piece inner-ring guided retainer is silver-
plated AES 6415 steel.

BALL BEARING SERIES B-3

Bearing B-3 is basically the same as B-1, with the exception that the balls and
rings are of M-50 vecuum-melt tool steel.

BALL BEARING SERIES B-4

Bearing B-4, shown in figure 4, is of deep groove, nplit inner ring design with
a special X-shaped retainer. Rings and the 12 balls (7/16-inch diameter) are of
M-50 vacuum-meit tool steel. The retainer, which was designed for good lubricant
flow-through characteristics, is of Monel S.

BALL BEARING SERIES B-5

Bearing B-5, as shown in figure 5 is of deep-groove split-inner ring design with
ballu and rings of 440 CM modified stainless steel. The one-piece outer ring guided
retainer is of silver plated AMS-6415 steel.

9
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-A 4\

~ BALL BEARING B4, BASIC SIZE 207,
SPLIT INNER RING, RETAINER ONE
_P!_ECE MAClUNED X SHAPE CROSS
SECTION, S MONFLJ 12 BALLS 7/15
INCH DIAMETER, BALLS AND RINGS
M.50 TOOL STEEL, END PLAY .008-.012
INCH, RADIAL CLEARANCE .0025 INCH
CONTACT ANGLE 20 DEGREES NOM

ii

Figure 4. Test Bearing B-4
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BEARING B-5, BASIC SIZE 207, SPLIT INNER RING
RETAINER - AMS 6415 STEEL, SILVER-PLATED,OUTER RING LAND RIDING
BALLS AND RINGS, 440 CM MOLYBDENUM

STAINLESS STEEL CEVM
12 BALLS. 7/16 DIA. ABEC 7
END PLAY 0. 012 'l.AX AT 11-LB LOAD
RADIAL PLAY, 0. 0018 TO 0. 0024 AT 11-LB

LOAD
CONTACT ANGLE 20" (REF)

1.800 DIA REF

.015 -. 020 DIA CLEAMIANCE

Figure 5. Test Bearing B-5
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ROLLER BEARING SERIES R-1 (Actual Engine Bearing)

The conventionaLengine rear main bearing is a cylindrical roller bearing with
a straight-through inner ring and two-Up outer ring for roller guidance. Twelve
rollers, 11/32-inch diameter by 11/32-inch long, are used. Rollers and rings are
52100 bearing steel, and the retainer is silver-plated extruded brass and is of two-
piece riveted design. The retainer is roller guided, as shown in figure 6.

ROLLER BEARING SERIFS R-2

Bearing R-2, shown in figure 7, has a straight-through outer ring and two-lip
inner ring for guidance of the 12 rollers, which are 11/32-inch diameter and 11/32-
inch long. Rings and rollers are 52100 bearing steel. The retainer is of two-piece
separable design, riveted and roller guidc€d, and is made of silver-plated brass.

To improve lubricant flow through the bearing, and to prevent caking of powder
in the inner race, eight grooves were machined in the inner-ring lip on the lubricant
exhaust side of the bearing, as shown in figure 7.

ROLLER BEARTG SERIES R-3

Bearing R-3, shown in figure 8, has a straight-through outer ring, a twoUlip
inner ring for roller guidance, and 14 rollers, each 10-mm diameter by 10-mm long.
Inner and outer rings and the 14 rollers are 440C stainless steel. The retainer, of
one-piece, roller guided design, is made of silver plated, centrifugally-cast bronze.
The retainer has two lugs for each roller, which are bent over the rollers for the
purpose of facilitating bearing assembly. These lugs were bent away from contact
with the rollers for most of the R-3 testing. This was done to prevent the lugs from
rubbing the rollers and wiping off the lubricant film.

ROLLER BEARING R-4

Bearing R-4 is similar to the series R-3 bearings, with the exception of having a
retainer of forged iron-silicon bronze, silver plated.

ROLLER BEARING SERIES R-5
ty

These b(.;arings were available but testing of this design was not considered
neecdsary lbcause of the success obtained with the other roller-bearing designs.
Bearing R-b has a straight-through outer ring and a two-lip inner ring for guidance
of the twelvc rollers, which are 11/32-'Anch diameter and 11/32-inch long. Rings
and rollers are M-50 vacuum melt tool steel. The retainer is a one piece cage,
outer ring gtd•ed of S-Monel.

ROLLER BEARING SERIES R-6

Bearing R-6 Is similar to R-3, but has 14 rollera, 9-mm diameter and 9-ram
long, and an outer-ring guided retainer. Rings and rollers are of AMI M-50 tool
-teel, and the retainer Is S-Monel. This bearing is shown ln figure 9.

ROLIER BEARING SERIES R-7

Bearing R-7 baa 14 rollers, each 9-mm long and 9-mm in diameter, and a one-
piece retainer of centrifugally cast bronze, silver-plated O0herwiso, the bearing
Is the same as t.e B-I design.

14
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•,•,• •ROLLER BEARING R-2 BAS..C SIZE 207

S~TWO LIP INNER RING. NO LUP OUTER RING

- ~RETAINER 2 PIECE MACHINED, RIVETED,
ROLLER CENTERED, BRASS SILVER PLATED. S~RINGS & ROLLERS 52100 STEEL. 12 ROLLERS

11/'32 DIA. X 11/32 LONG.
DIAýMETRAL CLEARANCE. 001

r 2N

411

ROLLER BEARING R-2 BASIC SIZE 207

TWO LIP INNER RING, NO LIP OUTER RING
RETAINER 2 PIECE MACHINED, RIVETED,
ROLLER CENTERED, BRASS SILVER PLATED.
RINGS & ROLLERS 52100 STEEL.
12 ROLLERS 11/32 DIA._X 11/SZ LONG.

/. 090 R DIAMETRAL CLEARANCE . 001 MODIFIED AS

-4- SHOWN.

12. SLOTS
.Figure 7. Test Bearing R-2 and R-2 Modfied
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ROLLER BEARING R-3, BASIC SIZE 207, TWO-LIP INNER RINM,NO-LIP OUTER RING, RETAINER ONE-PIECE MACHINEDROLLER
GUIDED, CENTRIFUGALLY CAST BRONZE SILVER PLATED. RINGSAND ROLLERS 440 STAINLESS STEEL 14 ROLLERS 9 =n DIA. x
9 mm LONG, TOLERANCE GRADE RBEC-5 GRADE

Figure 8, Test Bearing R-3

17
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SECTION V

LUBRICANT SELECTION

Results obtained from previotas development and test programs indicate that two

distinct powdered lubricant mixtures are suitable for use at high temperatures. (See

Reference 1 and 2.) One is a mixture of 83.33 percent graphite and 16.67 percent

cadmium oxide (by weight) which is effective to 1000 F. The other is a mixture of

76 percent molybdenum disulfide (MoS2) with 24 percent metal-free phthalocyanine
(by weight) which retains its lubricating quaiities up to 12000 F, but requires an

inert atmosphere above 8000 F to prevent oxidation of the MOS2.

The powder lubrication system requires a method of delivering the powder to thb

point of lubrication. In order to keep the weight and complexity of the powder lubri-

cation system to a minimum it was decided to utilize engine bleed air as the lubricant

carrier.

The maximum temperatures that could be encountered by the lubricant were

calculated to be in the range of 600-800 F. This represents the combination of bleed

air temperature and the operating temperature of the bearings. In order to have the

lubricant survive and function in this environment it was necessary to select a com-

bination of powders that would successfully withstand the temperatures without any

degradation of lubrication characteristics. For these reasons a mixture of graphite

and cadmium oxide was selected.

1I.

19/20

S.... . . .. .. .. . ..



SECTION VI

ENGINE TEST FACILITIL:2

GENERAL

The engine test stand shown in figure 10 is designed to provide qualitative and
quantitative data with a minimum amount of complexity. The test stand provides
means of simulating bearing loads and temperatures in the unfired engine used for
testing.

In figure 10, which is a photograph of the engine on the test stand, the modified
unfired J-69 engine is in the left center, with the engine exhaust (roller bearing end)
at the left. The lubricator is mounted over the intake (ball bearing end) of the
engine, in the top center of the photograph. The high-speed shaft with torquemeter
and slip-ring assembly is visible to the right of the intake piping (covered with taped
insulation), and to the right of this is the gearbox with a 5. 619:1 ratio. In the lower

right is the oven, which is used to heat air to the lubricator and ejectors, simulating
engine bleed air temperatures. Air enters through the uninsulated piping at the
right and leaves through the insulated pipes from the bottom of the oven.

ENGINE

The engine, as tested, is a basic J-69 gas turbine manufactured by the Continen-
tal Aviation and Engineering Corporation- and modified by Stratos for use with graphite-
cadmium oxide powder lubricant. For this series of unfired engine tests, the acces-
sory gearbox has been removed and the combustor housing secticn of the turbine has
been removed to enable testing with a minimum power requirement. To reduce
windage losses while simulating actual weight distribution, the turbine v ,ael was
replaced by a dummy wheel of equal weight and inertia. A steel cylinder was added
to the rotor shaft to simulate the inertia of the removed compressor section. The
modified rotor shaft is shown in figure 11, with thermocouple wires from the
bearing inner faces to the slip-ring assembly visible on the right. The rotor assem-
bly is balanced to within 0.04 ounce-inches in front and rear bearing planes.

J.ý.iginal lubricant passages and associated parts (slingers, seals) have been

re-worked or completely redesigned for use of air-powder suspension lubricant V
flow. A cross-section of the modified engine rotor and bearing housing is shown in
figure 12. Provision was made for heaters to be installed at the bearing housings to
simulate thermal conditions in a fired engine. A pneumatic piston was also incor-
porated at the rear bearing housing to apply thrust load to the rotor shaft, simulating
the thrust load encountered in the actual engine. The thrust piston and heater for the
rear bearing are shown in figure 13.

POWDER LUBRICATION AND PLUMBING

The lubricator used for metering and dispensing the lubricant is described in
Section VII.

21
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Before each test run, powder is weighed in a plastic bag and then poured into the
lubricator resetvoir. At the end of the run, the renmaining powder is poured back into
the plastic bag and reweighed to determine the amount of powder used during the run.

In early engine testing a plenum chamber was installed after the lubricator to
Sdivide lubricant flow to each bearing. Later testing was made without the plenum
chamber but with separate lubricator feed wheels for each bearing lubricant supply
as shown in figure 14.

Provision Is made for heating the air to the lubricator and each ejector to
ilmulate engine bleed air temperatures by putting the ýir lines from each flowmeter
into a variable temperature co,,n.

DRIVE MOTOR

For high speed testing to 20, 000 rpm, and for testing with a thrust load on the
frort bearing, a 15-hp, ac motor, with variable speed gearbox, was installed to
drive the J-69 engine with the use of a belt drive system. This motor and the belt
drive system are shown in figures 15 and 16.

TEST RIG GEARBOX
The test rig gearbox is used to increase drive motor speed from 4500 rpm to

24,000 rpm. The gearbox is an auxiliary power turbine gearbox modified by the
renoval of the turbine wheel and plugging pad openings. Lubrication for the gearbox
is provided by a self-c(rn-ained oil aump.

TORQUE METERING SYSTEM

The torque metering system has t nonitor l incremental torque variations
of the test shaft assembly at fairly high speeds. Instantaneous torque readings
determine the effectiveness of the lubrication system. With an unusual rise in drive
motor fiput current, an immediate torque reading verification will enable a shutdown
before impending seizure or failure. This is important, particularly with the engine
rotor assembly, which weighs 86 pounds and rotates at 22,000 rpm.

The torque readout is a visual display meter with a retransmitting potentiometer
for a recorder. Calibration of the system is by torque lever and dead weight and is
performed periodically. The standard torque pick-up unit has been modified for the
inclusion of a slip-ring assembly. Space limntations restricted this assembly to 4
rings, which provide transmission for reading 2 bearing inner-ring thermocouples.

The system operates at speeds to 20,000 rpm and has functioned reliabiy da ulngall the shakedown, prelimivary, and bearing stabilization tests. Due to the high

speed, the brushes require frequent cleaning. The unit also has a magnetic spee-'
pickup, which visually displays shaft spWed on an rpm counter. This counter has been
proven more reliable than the tach-generator on the drive motor, which is used for
comparative readings. Calibration ha" been by strobe light.

Torqiue pick-tp unit specifications are as follows:

* Speed, 0 to 24,000 rpm

* Torque capacity, 0 to 50 inch-pounds

26
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Figure 14. Lubricator Mounted on Engine
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Figure 15. J-89 Test Stand with 15 Horsepower Varidrive Intaflation
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Figure 16. Toot Stand Belt Drive System
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• Torque sensitivity, 0.05 inch-pounds

0 Linearity, 0.1 percent full scale

* Extra slip rings for thermocouples, 4

• Brush lifters, air operated

PLUMBING AND INSTRUMENTATION

Major components and all instrumentation of the cngine test stand are shov, n
schern•ttially in figures 17 and 18. Figure 17 shows the lubrication plumbing and
associated pressure gages, and all inumenai of tll electrical components, including
motors, instrumentation, and thermocouples. Additional instrumentation not shown
are two accelerometers, one in each engine bearing plane, used to monitor vibrations
a protection against possiblne inseace forces induced by the modified rotor shaft

and bearing mountings.

Speed control of both the main drive motor and the lubricator feed wheel is
accomplished with variable-speed controlled motors.

Each separate air inlet to the lubrication systemr h,-.s its own flowmeter andpressure regulator. Most of the lues are 3/8-tineh OD tubing and have flaoed AN
fittings st all joints. The plumohei from the oven outlets to the respective bearing
lubricant all oints Tesulated with glass wool. Air temperatures and pressures are

monitored at each different stage of the plumbing.

The control and instrument panel is shown in figure 19. At the upper left of the
left panel board are the controls for the two 7ariable-speed motors with associated
tachometers aid ammeter (for the drive motor). The square dial in the center of this
panel is the torque meter readout. At the bottom of the panel are flowmeters and
regulators for the air inlets (lubricator and ejectors) ard above these the pressure
gages for the inlet (high-pressure) plumbing.

At the lower right is the temperature readout, which is capable of switching
tirough 20 different thermocouples. On top of this is a digital readout counter for
dizect readout of engine speed in rpm.

A sonic analyzer for use with the accelerometers had not been installed when
this photograph was taken.

REAR BEARING HEATERS

Heaters are installed at the rear housing to enable heating of this bearing to
simulate fired engine conditions. The original configuratlcn consisted of s!Y, 600-wAtt
capacity heaters spaced radit 'y around ttz bearing housing, and one ll00-watt cpac-
ity heater inside the rotor chaft adI.y c!ncldent w*t1 0he rear bearing. Deign
changes to permit installation of the. thrust piston assembly forced rep*1cenw-xAi li ,n

1100-watt capacity heater with ore of 120-watt capacity. When tOw rear bwering
housing was again redesigned the 120-watt heater was eliminated as it only repre-sented 3 percent of the heating power. The heaters are connected to the power source

through rheostats, which aro adjusted simultaneously to permit operation of tha heater
grup 1 any value to a total of 3720 watta, or 3600 watts when the 120-watt heater
wasn edrim tedl.
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MOTOR FUCTIO14AL INRTRUZNRTATICI4 TORBE CALIBRATED AT
COKBTAIET URZQUZNCIU8 PER STAN4DARD PRACTICE

DIc~r SYMBOL VALUE

I Dwr rL~IDWTIR INPUT AIR PRESSURE P3  0-0 PSIG
WIIO K AMCETER ILALL BEAR21E0 EIJIAU PRXWURE P4  :t 5 PSIG

ROTLIER 31*81740 EXHUST PBFOBRE 16 ±5 P8M

B.1 -26 ALL B&ARWN CARRIER AIR PRESSURE P7  *10 PS10

ROLLER SEARING CARRIER A.? *ORESSURT, Ps ip~

I.uBALL BEASBG EJICTOR AIR PRESSURE 0-40,PqIG

400RmsoURJSXBARING WEJCTU AMR PRESSURE P 10  0-j") psiG

6AUZRICATM INPUT AMR PBIAUURBRALL BEARING P1 1  0-44, PSIG

eATTaua. L L UMILATtA DIMP AIR PRSSKURE (RO)LLER BLARING) P is lu PG10

3A3 MN l SQUVAlIJN BAI" BRAWIN EJXCTCE AIILOWI 1 0.3 LB/WW7

30 IN-LU I OltM SPEED WAFT
MOLLER3 BzAairG zEJcTC3 AntrL(J F 1 0  0.3 L14/ 11174

it LUBRICATOR k;RFLIDW (SALL DEARING) F 2 0.3 L-/MIN

Dc
LUBRICATOR AIRFLO (ROLLER BLARING) F 13  0.3 iB/MIN

SUP-RING AIM KASTER VALVE V

a IABLARING LUBE AIR MASER VALVE V.

B A " BLARINIG EJECTOR AIR VALVE V9

4 AI OLLER SEARING EJRCTCg AMR VALVE V 10

"a 1,110RCATOU AMR VALVE (RALL BIA.'90I) V 1 1

lIMUST ACTUATOR AIR MASTER VALV L V 12

LoiHIUCATOR AMR VALVE (ROLLEXR BL4RINO) v13

SUP-RING COOUINO AIR VALVE V is

SUPý-RING BR WI) Utlrr RELIEF VALVE V 16

Flp e 7. chinaicDiagr~am ofArSystemi for Test Rig
of Unbiaded J-69 E%lIne
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Figure 19. Instrumnentation Control Panel
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SECTION VII

POWDER DISPEIYTSING SYSTEM

GENERAL

Concurrent with bearing rig and engine testing, studies were performed to deter-
mine the best means of metering and dispensing the powder lubricant. The results
of these studies a. e described in the following paragraphs.

MANIFOLD PRESSURE

It was found that at the air mass flow rate of 0.03 pound per minute used for all
bearing rig testing, the pressure in the plumbing between lubricator and bearing
housing was negligible. With a vacuum cleaner on the bearing exhaust port, the
pressure in the plumbing was 5 in. Hg vacuum. This was evidently s*•fficient to keep
the powder from settling out of the airstream and collecting on the inside of the pipe.

FEED WHEEL AIRFLOW

Under normal lubricator operating conditions, during bearing rig testing, 0.03
pound per minute flow at 0.25 psig, a slight positive pressure had been noticed In the
powder reservoir of the lubricator, indicaling air leakage at the feed wheel. in order
to study this leakage better, lubricator testing was conducted with an air inlet pressur.
of 25 psig. At this pressure, leakage was noticed around the circumference and face
of the feed wheel. Varicus wheeis wexe tried with different feed wheel clearances in
the wheel housing, hut tLi-s did not alleviate the leakage problems. An air bleed line
was run fLom the lubricator inlet to the powder reservoir in ani att.empt to equalize
pressure around the feed wheel. No consistent results were obtained with this method
and it was discontinued. The position of the air jet -hole to thle feed wheel was changed
from the original design (figure 20) so that the airflow through Ibe lubricator would
never be completely blocked by the feei whe-l (figuie 21). This appeared to alleviate
the air leakage around the feed wheel.

POWDER DENSTTY

Measurements were taien to determine if the packing density of powder in the
led-wheei bucket had a sigoUiicant effect on weight flow, The bucket was hand

packed loosely with powder and the powder used was weighed. The prc-edure was
repeated with the powder tightly packed. The powder weight was approximately the
same for both tests, showing that as long as the bucket is filled comp.etely, the
powder weight in the bucket is constant.

WEIGIIING METHO'5S

Because of tCe ,imall quantity of lubricant used for each test run (in the order
of several grams meximum), the method used to determine the weight of powder
used during a run is very critical, Because of the relative woight of the lubricator
housing compared to the powder uscd (9 pounds vs several grams, respectively) it
was found that accurate flow determinations could not be made by weighing the
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powder while in the lubricator. The best weighing method wab found to be as
follows:

Before a run, the powder is weighed in a plastic bag and then pouraed into the lubrica-
tor. After the run, the remaining powder is poured front the lubricator into the bag,
and again weighed. The difference in weights before and after the test run is the
powder used in that run. The power collected in tne exhaust powder collector was
not weighed. It was demonstrated that in the development of theabove method of weighing
the powder that an additional check was not necessary.

LUBRICATOR DESIGN

The test rig lubricator used for metering and dispensing the lubricant is shown
in figure 22, and an exploded . ew of the lubricator in figure 23. This positive dis-
placement type of feeder is similar to that used effectively in previous powder lubri-
cant programs (Reference 1 and 2).

The lubricator has a cartridge type reservoir containing the powder. The powder,
which is weighed separately before and after running,. is metered by a bucket wheel,
contFAning 24 buckeis, located beneath the canister. Each bucket of the feed wheel
is filled with powder az it passes the canistr.,: and is emptied after 180 degrees of
wheel travel by a carrier guc jet. Feed rate is adjustable by varying the speed of
the feed wheel or changing the bucket configuration of the wheel, which is readily
accessiblq., The agitator Is Installed inside the powder reservoir and is run at con-
stant speed to prevent powder vortexing and buildup in the reser'.oir.

As alternates to the design described in the preceding paragraph, two new de-
signs for a lubricator were developed and preliminary tests were perfo,'med on them.
One design consisted of a syringe mechanism filled with powder in which a piston
forced the powder through an orifice into the carrier airstream. The major difficulty
with this design involves the accurate pumping of a given amount of powder per unit
time throughout the operating time of the test.

The other design consisted of comnpressed powder being carried out of a reser-
voir into the airstream by means of a screw thread (as used in some coal conveyors).
The major problem encountered with this desi&n is packing of powder in the reser-
voir to the extent that it can not be forced into the screw conveyor at a fixed rate.
As successful results were obtained with the original feed wheel dc.ign, further
development of the alternate designs was not considered necessary.

LUBRICANT DISTRIBUTION

In the bearing test rig, only a single bearing required powder lubricant, and this
was readily supplied by one carrier line from the single feed wheel lubricator. For
engine testing, however, two separate bearings required powder lubricant, and a
means had to be provide&! for such lubricant distribution.

Earlier testing (Reference 4) had shown that a simple "Y" pipe was not an effec-
tive powder flow divider, becxase pressure differentials beyteen the two outlet lines
from the "Y" caused an extreme variation in relative powder flow b-,.tween the two
lines. A diqtriLur was devised utilizing a swirl-tvpe plenum c.hamber with ejectors
on the plenfflm outlet lines. Preliminary tests of the plenum chamber lndioated that
it was relatively insensitive to differences in pressure between the two outlet lines,
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theibre this ditrlbution system was used for the first few engine tests. Further
testing, bowever, revealed that, even with a plenum chamber accurate division of
powder flow could not be oi~alned. This was due to differences in downstream pres-
sure# asti thrcugh the plenum and affecting each other, and to powder falling out
of uppesion in the plenum obmber and building up in the lower half uf the chamber.

A mumessful solution to adequate lubrication of both bearings was achieved by
providu coo feed wheel and air supply line for each berring. The original lubricator
was modified by placing a second feedwheel next to, but separate from, thW original
feedwhcel, and gearing both wheels togother to operate at the same speed. 1 Itk
proper sizLng of the feed wheals, this method was found successful for providing
oqml powder flows to both bearings.

The comparison between the unmodified lubricator (single feed wheel labricator
with plenum chamber) and the modification ibcorporating two separate feed wheels is
sha in figure 24. The modified lubricator is shown mounted on the J-69 engine in
figure 14.
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Figure 24. Modified Lubtlcatioi. [stribuion Method
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SEC TION VIII

ENGINE TEST PROCEDURE

The J-69 engine main rotor runs on two bearings, a ball bearing at the intake end
for both radial support and thrust load, and a roller bearing at the xhtiut (trae
end for radial support. The fr!ýnt bearing operates in an ambinet tempbrature etov~ioe-
ment, and the r:)iler bearing in a high-temperature environment creiited by the high-
temperature exhauist gases. Engine performance characteristics have been des,ý -ýe
in detail in Section III of this report and appendix I and II of refe.rence 4.

TEST OBJECTIVES

The final objective of this engine test program is the operation of an uznfired e- Ine
with powder lubriaeted bearings at conditions of speed, load, and temper-ature expc-. -ed
in a Mlxed engiDe with powder lubrication. Operation at these conditions was a ch.e-.
in a series of tert rums, the general sequfnce of which is as follows:;

* Testing at low speed (8000 rpm) with progressiively higher environmental
temiperatures at the rear bearing housIng. iNo thrust load on front bearing.
(Maximum fired engine rear bearing running Zemperature, arrived at by
adding a contingency of 15 percent of the difference between, arnolont tam
peracture aind operating tL,.-perature as calculated in the beat transfer
anialysis, is estimated to bb about 530 0F. This is the miaximum, valu3 that
was used for high-temperature testing.)fo 0( o2,00 pn ihra

* Testing atprogressively hihe peedE,, rm80 o2,00rm ihra
bearlrg at estimated fired engine heating conditions. No thrust load cn
front bearizog.

* Testing at low speed wit)t increasing thrust load on front bearing. Rear
bearing at arnb~ent environmental teniperature.

9 Testing at progressively higher speeds, from 8, C-00 to ?0, 0-30 rpm with
TESTDATthe thrust load on die frontl bearing.

0 Shaft spt-d

0 J_69 01*!)uo t"-f;-ý'-

* Carrier- -. -- ýperatz re, tooth hear, igs

* Carrier,- .,ensure, hoth bearings



0 Carrier-air flow, both bearings

0 Outer-race ternperature, both bearings

• Ambient room temperature

0 Lubricator feed wheel speed

• Rear-bearing heater voltage

* Thrust load on front bearing

In addi•.un, air pi tssures, temperatures, and aow rates were measured at
various critical parts of the plumniuL (itto and out of lubricator, at ejectors, etc.).

Cycling frequency of recording data was 10 minutes for critical measurements,
such as bearing temperatures and engine torque, and 60 minutes for general data,
such as ambient temperature and air-flow rates, which remain constant throughout
the duration of a test run.

TEST DURATION

Each test was run until bearing temperatures stabilized (indicated by no more
than 4a F change in one hour) or until temperature, torque, or noise indicated rough
running with the possibility of bearing failure. Testing was stopped after 4 hours
running time if the bearing had not achieved 1 hour of stabilized running by that time.
Roorn ambiont temperature was between 70 and 359 F.

161-,
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SECTION IX

SEAL DESIGN AND EVALUATION

CONVENTIONAL ENGINE SEAL!"

In the conventioral oil lubricated engine, the bearing-cavity shaft seals are used
to minimize the leakage of pressurized lubricating oil.

At the front bearing a face-type seal is used to prevent lubricant leakage into the
main air intake to the compressor. This low-leakage seal is used for the following
reasoni. Although the cavity is vented to ambient through the accessory case, the
entering oil is pressurized at 20 to 40 pti above ambient. The spent oil is not
scavenged from thip location and is drained into the accessor:, gearbox.

At the rear bearing, th, leakage reoutrement is less rigid and labyrinth seals
are used. A scavenge pump removes t'e oil from thls position, which is also vented
to amlient.

POWDER LUBRICANT FRONT BEARING SEALS

An investigation of front bearing seals was made or two types of face seats,
mechanical labyrinth and labyrinth seals. The labyrinth seal was selected for this
application.

LABYRINTH SEAL

The labyrinth is a simple sealing device. It restrit, s leakage by a controlled gap
to r,.Aee flow area and it forms a sieries of orifices, eawi equal to the gap or clear-
ance firm. The lat-yrinth clearance must ailow for the bearing radial clearance. At
the front bearing, this clearance is aominally 0. 0025 inch at room temperatur3. This
requirement, coupled with . short axial space 1LTitation, has made it necessary to
*tuý means t0 controbl tb leta.ago* flow throrugh the labyrinth.

Two labyrinth ee4ls are shown in flgure 25. Study number'.one -s a stepped
lahyrinth. The touch points are stepped diametrically to minimize carryover past
these points. However, with the smort axial sp~ce allowancv, it was necessary to
Improve this methcd, as shown in figure 26 and seal study ramber 4. With this method
a positive suction head. induce-d by the exhaust ejector, will drain the seal of powder.

Study number two, figure 25. utilizeibuffer a4- 'o change leakage paths. The
principal advant° of thiW mett.ud is ;0t coling air to the bearing cavity will help
remove powder buildkp at ýhe se-&l side of the beting. A separate air jet from the
an.alar chamber directed to the bottom portion of the cater ring preventa excessive
powder buildup. Thooe two tl)es w'.:e sicceesfully teeti-d on the zngine test rig.
These seals are not subjected to eicvated thernal stvesses, and do not have centri-
fupl and frictional rubbing loads. The shaft and component assembly in sirilifted
by the removal of axial trsvel limits and preload required with a face-type seal.
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The material for the initial seals were aluminum for the grooved body and steel
for the co-mating sleeve.

CARTRIDGE TIPE FACE-TYPE SEAL (I'RONT BEAING)

Face-type seals are useful where low leakage limf's are required. These seals
can be run at fairly high temperatures and high rubbing speeds, but dry-gas seals
require largc and rigid support housings. The face-type seal has the following dis-
advantages:

1. Installation time.
On complex assemblies, such as a turbojet engine, shims and special
•methods and tooling are required to position stator and rotor parts with
the proper initial preload.

2. Heat generation.
At this bearing iocation, a comparatively thin rotor (0. 218 inch) abuts the
inner race of the bearing. With a restricted flow of cooling air, the rotor
surface spepd, 11, 000 fpm, will produce undesirable frictional rubbing
heat, which will be transmitted into the inner ring of the bearing.

3. Requrement for squareness at operating conditions.

4. Vibration and axial movement.
The secondary seal (high-Lemperature "111 ring) has to seal and provide
free axial movement at elevated temper atures.

5. Gradients.
The rotor and stator ringe must wiatstand deflections due to pressure and
mechanical loading. These deflections will produce frictional grdients.

METALLIC BELLOWS FACE SEAL

Investigation of a metallic bdlows seai was made. This type of seal has a
rotationally locked secondary seal, reducing friction at the prii,,ary seal. The
primary seai rotates at approximately half shaft speed. These are two highly
desirable characteristics.

The disadvantages of this typc seal are as follows:

1. High cost.

2, Critical installation dimensions.

3. Gradients.
The bellowk wd± cperate at high str-,,., levels due to p-essure, and
mechanical and thermal raiage. These gradients may induce axial and

r~IaI stabilit1 .

4. Witlhut vircous dAn4emaing surrounding the bellowo severe high-frequency
oe-llatio• can occur at the seal "Ice.

5. 'Te heat rejection to the ba*r-bg ¢arawot be determined without testi.ng or
dry rinrag4 this type of seal at operating conditiona.,
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FLOATING MECHAN.CAL SEAL (FRONT BEARING)

No detailed investigation was made of this type of seal, The requirement for
extremely close diametrical and flatness tolerances makes this a costly seal for our
investigation.

POWDER LUBRICANT REAR BEARING SEA IS

jabyrintn Seal (Rear Bearing)

At this ý,eal location, with the throw-away spent powder cystem, the leakage re-
quirement is eased considerably. The only requirement is that the seal will ensure
penetration of the powder into the bearing.

The conventional engine rear bearing labyrinth seal will be used at this location.
Installation of this seal is shown on figure 27.

The forward labyrinth step seals used on the engine at the rear bearing are not
required and may or may not be used, depending on test buildup requirements.

UNFIEED ENGINE SEAL DESIGN

Front Bearing

Figure 27 shows the seal design as installed in the unfired test engine. A
combination of a rotating slinger and labyrinth seal is located at the front of the
bearing and a rotating slinger is located at the rear. The slingers create a positive
head of air and also tend to centrifugally accelerate the powder particles to the outside
of the r ,spective cavities. A supplementary air Jet directed into the front of bearing
assists _, maintaining a continuous flow of powder through the bearing. The rear
81inge, accelerates the particlee into the exhaust manifold where the particles are
discharged into the exhaust tube.

Rear Bearing

Figure 13 shows the instaliation of the rear bearing seal in the unfired test
engine. The conventional engine rear bearing labyrinth seal and slinger were used
without change. The forward labyrinth step seals were eliminated and a rotating
slinger was substituted in its place.

FIRED ENGINE SEAL DESIGN

The zeal configuration incirporated in the building of the J-69 Fired Eagine is
described in Section X!.

i-
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SECTION X

UNFIRED ENGINE TESTING

GENL•AL

In accordance with the general test sequence outlined in section VIII, testing
was successfully performed unde:: the required conditions as follows:

0 Testing at simulated rear bearing opc:r.ttng conditicne was completed
with the successfulperformance of a test run at 20, 000 rpm with stabilized
temperature of 515 F.

* Testing was successfully performed at 8000 rpm with ir, 'o 500 pounds
thrust on the front bearing. The ball bearing failed at 12,000 rpm with
500 pounds thrust.

0 Testing at simulated front bearing operating conditions of 50 poumds thrust
ioad and 20, 000 rpm with heated (bleed air temperature) carrier air was
suc(cessfully performed with two different bearings of different designs.

* A ball bearing was successfully operated at 20, 000 rpm with heated

carrier air and 100 pounds thrust load.

A summary of all unfired engine testing during .he period covered by this report
is shown in Table III. A summary of all previously ruu tests is given for reference
in Table IV. Detailed description of theae tests may le found in Reference 4. Prior
to this reporting period, a total of 38 unfired Pngine tests had been made at various
speeds ard temperature conditions. Before test E-39, a new drive system was In-
stalled to improve performance at high load bnd speed conditions. 'TMs drive system
was described in section VI. This section will 6ummarize all of the ssg.flcant test
resalts obtained during this report period. Detailed descriptions of the *est results
with specific ernphesis on thos-e tests which achieved the proegrams objectives are
presented in the appendix.

PHASE 2 ENGINE TESTING (TEMPERATURE VERSUS SPEED)

i•.ise 2 engine testing consisted of running the unilred J-69 enrAne at varying
speetds from 8,000 to 20, OCO rpm with heated carrior air uWrd heated rear bearing.
Figure 28 Indicates the remslts of the temperature versus speed tests uslrn the
bearing series B-5 and R-6. The most significant result is the shape of the roller
bearing temperature curve. At 3,000 rpm the bearing tomemrature is the highest,
drops oft signilcantly at 12, 000 rpm, rind st&rts to climb as the ipeed increases.
Thc drop in temperature from 8, 000 r'nn to the higher speeds is attribtted to the
greae." air circulation aromnd the bearing housing caused wr the increasedi drag of

the turbino rotor dice. After this "eries cf tests were complteted, an additlual -run
at 8, 000 rpm was mAde to verify the origtial test ditA. Tbo resuits correlated very
well; 549 rr for )he initAl test &M 516 F for the cheoc test. Horsepower, torque
and bail ,beartt temperatures increased wilh au lrx'rease of speod. Power required
to drive tOe engte increasod by about 575 percent as use speed was increased from
8, 000 to 1i, 000 rpm.
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PHASE 2 TESTING (TEMP - SPEED)
UNFIRED J-69 ENGINE

TORQUE, HORSEPOWER AND BEARING STABTLI ZATION
TEMPEFRATURE VS SPEED, BEARING SERIES B-5 R-6

- REAR BEARING EXTERNAL HEATING CONSTANT AT VALUE WHICH
WOULD GIVE STATIC BEARING TEMPERATURE OF 800° F

600 - NO THRUST LOAD IN FRONT BEAFJNG
- LUBE CARRIER AIR ABOUT 180 - 240' F REAR, 210- 250° F FRONT I 2
- OORRECTED FOR 750 AMBIENT ROOM AIR5&0 - I -... - I

P HOIRSEPOWER

560. -- -2.8

540 - - - -,-

520 - - - 1--'12.0 2.4

500 - -T//QU 
I

4,010.0 2 0

440 - - -

-- 420--- __ �-L ROLLER BEARING

4200--

4, OUTEP RACE

2 1600 40 0.

SPFED- RPM

PIpw. 28. Smljmax_ of Phase 2 (-emptei are-6eed) Enjiw r(Ftlog
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TABLE IV. SUMMARY OF PREVIOUS ENGINE TESTING, UNFIRED J-- 69 ENGINE
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PHASE 3 ENGINE TESTING (TEMPERATURE AND TORQUE VERSUS THRUST LOAD)

Phase 3 testing consisted of runming the unfired J- 69 engine at 8,000 rpm, with
unheated carrier air and unheated rear bearing. Thruet loading on the front bearing
was varied from 0 to 500 pounds. Figure 29 Indicates the results of the temperalure
and torque versus thrust load tests using the bearing series B-5a and R-6a. As the
thrust load was increased the temperature rose fairly rapidly, " eveled off at 100
pound load, remained steady until at 250 pound load the temperature again started to
climb to a maximum value of 170 F at a 500 pound load. An attempt was made to
operate at 12, 000 rpm with a 500 pound load, but the test was unsuccessful Ps the
bearing temperature reached 350 F after 33 minutes of operation indicating a faiure
of the bearing. Detailed information and pictures of the failure are described in

test E-48 in the Appendix.

Although ball bearings performed well at all loads, there was about a 40 percent
increase in torque required to drive the engine as ioad was increased from 0 to 500
pounds. The torque curve basically follows the slope cf the temperature curvc.

Total accumulated running time of the bearing series B-5a and R-6a during the
Phase 2 qnd Phase 3 tests amounted to 31.3 hours before failure of the B-5a bearing
recurred.

PHASE 4 ENGINE TESTING (TEMPERATURE AND TORQUE VERSUS SPEED)

Phase 4 testing consiste& of _ning the unfired J-69 engine at varying speeds
from 8, 000 to 20,000 -or- mnd at 0 and 50 pound thrust load with heated carrier air
and unheated rear bear1ng. Figure 3 jI idicates the results of the temperature and
torque versus speed tests uzrng the b e:,,g series B-3a and R-la. Figure 31 indicates
similar results o:f the tests asing the Learing series B-5c and R-3b.

The cur- !es shorn on figure :','• (B-3a and R-la) are representa-'ve of the charac-
teristic , erfur-nance of a given set of bearings. In as much, as a few of the plotted
test prarts on fIlurc 31 are token from other bearing configurations the curves as
preserwcu ae r•A cornpletely valid, although the data confirms the results shown
in fVzure re

Thla torque curvee at 0 and 50 pound loads are practically parallel to each other
throughout tha speed ringe. At a given speed the gap between the two curves is
reasonably -onst.nt within a range of 7 to 10 percent. The average increase of
torque to drive thr: engine, regardless of the load, increased about 450 percent as the
speed increased from 8,000 to 20, 000 rpm. Th'e temperature change as the speed was
varied from 8, 000 to 20, 000 rpm increased about 48 percent at the 0 thrust load condi-
tion, to 56 percent for the 50 pound thrust load condition.

The bearing series B-3a and R-la were successfully run for a period of 9 hours
before the failure of the B-3a bearing occurred while attempting to operate at 20, 00'
rpm and a thrust load of 100 pounds

SUMMARY

* A rear (roller) bearing was successfully run nt. 20, 000 rpm and 5150 F
stabilized operating temperature, simulating 'estimated engine operating
cond.tions. The bearing used had inner ring guided rollers and an ouiter
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TEMPERATURE VS LOAD BALL BEARING B-5A
ENGINE TORQUE VS LOAD B-SA, R-6A

SPEED - 8000 RPM
TEMPERATURE CURVE CORRECTED TO 80* F ROOM ABIENT

6.

10 o-.-- --L-..........-.... 1 .0

TORQ,.rE
170

160 " 1 4.0A

I

S150 - -. . .

H 140... o

F r 9 a 3 Ts s T "-e r 9
TEMPERATURE

100 - .1.0

80 -"- [ 0
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Figure 29. Phase 3 Test Re~nilts, Temperature an-l Torqvce Versus Thrust Load



TEMPERATURE VS SPEED AT 0 AND 50 LB THRUST LOAD (BALL BEARING B-3a)
ENGuIE TORQUE VS SPEED (B-3a R-1a)
ALL TEMPERATURES CORRECTED FOR 750 F ROOM AMBIENT
POWDEiR FLOW = 0.012 TO 0,020 GRAM/MIN EACH BEARING
ALL TESTS MADE VdITH CARRJER AIR TEMPERATURE OF 2200 F

-- i16.0

TORQUE -1
50-LBTIMRUST 14.0

- - - - - - - -TORQUE
00 1NO LOAD 12.0

190 - ---J

180 - - - TE-MP 10.018 !e 50 R LB THRUST
170/10

160- - - ---- 8.0o

40

140- - - -- ,6.-o

L130,/ NO LOAD

8 40'00 12 00000C 0, 0

120 .

110o---

801 1
8000 12,000 1,300 20,000 ,I

SPEED

Figure 30. Phase 5 Test Results, Temperature Versus Sp4-Aad &M Load,
Bearing Series B-3
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TEMPERATURE VS SPEED @50 LB THRUST LOAD (BALL BEARING BVc) ENGINE

4 TORQUE VS SPEED (BVc, RII16)
COMPARISON WITH NO LOAD PINS (B'!, RVI)
ALI, TEMPERATURES CORRECTED FOR 75* F ROOM AMBIENT
POINTS MAIRKED BVd WERE FOR APPROXIMATE STABILIZATION ACHIEVED WITH

BEARDIG BVd, RIVa

260 ~~B~d16.0

TORQUE
50 LB THRUS

- - -- - -- - - 14.0

BWd

INO LOAD

.220 --- - - - - - - -1

TEMP 10.0

04 T
Z 50 L3

040

180 - - --

~~ TEMP -NO LOAD 60

0

130 -2-.0

2000 12.000 16.000 20.000

SPEED RPM

Figure 31. Pbase 5 Test Results, Temperature Versuo Spe& n&M Load

Býearing Series B-5
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ring guided retainer, Rings and rollers are of M-50 tool steel and the
retainer is Monel S.

0- A ball bearing was run successfully at 8, 000 rpm and 500 pounds thrust
load (50 pounds radial load). This bearing was of conventional split inner
ring design with an outer ring guided retainer. The retainer was modified
by cvtdtLng grooves in the outer rim of the lubricant exhaust side to facilitate
lub•icant flow through the bearing. Rings and balls were 440 CM stainless,
and the retainer was silver plated AMS 6415 steel.

* Testing at simulated front bearing operating conditions of 50 lbs thrust
load and 20, 000 rpm with heated (bleed air temperature) carrier air was
successfully performed with two different bearings of different designs.
(B3 and B5), described in section IV.

* A ball bearing was successfully operated at 20, 000 rpm with heated carrier

air and 90 - 100 lbs thrust load.] Testing revealed that optimum lubricant powder flow for ball bearing opera-

tion under thrust loaded conditions is about 0. 015 grams per minute. This
is approximately double the flow rate which had been used for most earlier
testing.

* The increase in powder flow rate appeared to have little if any affect on a
roller beating operating at 20, 000 rpm with no external heating.
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SECTION XI

FIRED ENGINE DESIGN

GENERAL

The turbojet engine used as the test engine for this program is a USAF Model
J-69-T-25, manufactured by the Continental Aviation and Engineering Corporation.
This engine is shown in Figure 1 with accessories mounted in place and the conventional
oil lubrication system installed. A cutaway drawing showing an identical engine with
a powder lubrication system installed is shown in figure 32. This drawing depicts
the powder - air flow as well as the ejection air flow lines.

FIRED ENGINE LUBRICATION SYSTEM DESIGN

Figure 33 shows the J-69 engine with modificationb and lube system flow paths
for operation with powder lubricated engine main bearings.

In a normally (oil) lubricated engine, there is a face type oil seal on the rtor
shaft immediately behind the front bearing. For the powder lubricated engine this
seal has been relocated at the gearshaft end of the acccssory housing, as shown in
figure 34. In this position the face seal will serve as the primary means of isolating
the front main bearing (powder lubricated) from the oil used in the accessory gearbox.
Complete isolation of the powder system from any oil contamination is necessary for
both theoretical and practical reasons. Theoretically, because the object of the test
program is to determine the effectiveness of an absolutely dry lubrication system;
practically, because a small amount of oil mixed with the graphlte might eause severe
caking of the powder in the bearings. To provide for the complete lubrication system
isolation required, a slinger is provided as shown in figure 34. This slinger will)
induce any oil which leaked through the face seal to be ejected directly Into the exhaust
air stream from the front bearing, thus preventing the oil from gettiLng to the, bearing
itself.

At the front bearing, the air-lubricant mixture will be carried through passges

drilled in the 10 o'clock strut of the compres'mor housing. The powder is then routed
past the birdcage bearing support cage and directed into the bearing. While same re-
work of the support cage was necessary, the basic ge-metry and tclerances wexe
mainttained to meet critical speed characteristics of the mhiu rotor shaft. A boost
air ejector is provided in the powder flow system to overcome tk'e pressure drop and
prevent powder buildup at the transition from the compressor housing to the support
cage. After passing through the front bearing, the powder is picked up by a slinger
(replaciLg the original engine oil i-,al) and is Plung out, exhausting into the engine
inlet air stream.

Figure 35 shows the detail parts of the front beari.ag assembly. The thirmo-
couple wires shown, are installe to monitor the temperature of the outer race of the
bearing. The segment shown at the bottom of the bird cage fits !nto a cutaway of the
front engine housing shown in figure 36. The bearing depicted ýn figure 3b is shown
with the modified retainer, slinger, lock nut and spacers.
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At the rear bearing, the powder flow path can be readily adapted from the emisting
oil system piumbing with oniy minor modifications. The air-powder mixture flows
through piping in a strut similar to that used in the oil lubricated engine. After flow-
in& through the bearing, the powder is thrown out of the bearing area to ambient air
by means of a slinger which replaces the original stepped labyrinth at the front end
of the rear bearing housing.

The rear bearing assembly (figure 37) is shown with the thermocouple wire
around the rear bearing houtsing. The bearing slinger, bearing, and bearing ejector
housing are also shown.

Figdre 38 is a detail view of the ejector housing and the labyrinth seal.

I
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SECTION XII

CONCLUSIONS AND RECOMMENDATIONS

The original objective of the three year program, concluded with this report, was
the development of a powder lubrication system, and bearings, to be used with a J-69
turbojet engine running under fired conditions on a test stand. This development pro-
gram was successfully completed with the unfired testing cf a J-69 engine using such
a system under simulated fired engine operating conditions.

Major achievement during this program included the following:

0 Operation of a roller bearing (engine rear bearing) design with powder
lubrication at 20, 000 RPM and 540" F operating temperature, simulating
conditions expected in a fired J-6a engine with powder lubrication.

0 Operation of two different ball bearing (engine front bearing) designs with
powder lubrication at 20, 000 RPM and 50 to 100 pounds thrust load, simulat-
ing estimated fired engine conditions with powder lubrication.

* Redesign of the J-69 engine lubrication system for use with powder lubrica-
tion rinder fired engine conditions.

0 Modificaticn was made to a fired J-69 engine in accordance with the above
design changes. This engine has been shipped to Wright-Patterson Air
Force Base, for actual fired testing with powder lubrication.

CONCLUSIONS

As a result of testing under the program reported, it appears that a J-69 engine
can be successfully operated with powder lubrication replacing the normal oil lubrica-
tion system for the two main rotor shaft bearings. A preliminary design for the
powder lubricating system has been successfully tabricated and tested on an unfired
J-69 engine. For use with this system, the normal rear bearing of 52100 steel is
replaced with one of M50 tool steel to provide for the high operating temperatures
expected. The front bearing has been modified by the addition of air powder scavenge
grooves cut in the retainer. The front bearing is made of 440 CM stainless steel to
provide a safety factor against any unexpected thermal conditions occurring in the
actual engine with powder lubrication.

A J-69 engine modified for use with powder lubrication was fitted with these
bearings and shipped to Wright-Patterson Air Force Base for testing under actual
fired conditions. The purpose of this future testing is to substantiate results already
obtained with an unfired engine, as well as to determine any further bearing develop-
nients needed in a fired engine using powder lubrication.

75

4



RECOMMENDATIS K
As a result of the tests conducted durig this progranm Lhe following re-
commendations for further deployment of powder lubrication systems can
be considered.

1. Use of powder lubrication as a primary lubrication system for turbojet
engines when bearing temperatures exceeds the limitations of convert-onal
lubricants.

2. Use of powder lubrication as an emerger=y lubrication system for engines,
transmissions or auxiliary power uniks.

3, Us6 of powder lubrication as a primary lubrication system for rotating
equipment exposed to a radioactive environment.

4. Commercial application for powder lubrication systems fn steel mills,
kilns and high temperature environmenta,

5. Use of powder lubrication in space environments where high bearing
loads, aud/or temperature and space vacuum dictate the replacemert of
a conventional lubrication system.

76



SECTION XIII

RE FERENCES

1. Schlosser, A. "The Development of Lubricants for High-Speed Rolling Contact
Bearings Operated Over the Range of Room Temperature to 1200 Degrees
Fahrenheit", WADD TR 60-732, Part II August 1962.

2. Wallerstein, S. "Devrelopment of Gas-Entrained Powder Lubricants for High-
Speed and High-Tenperature Operation of Spur Gears", AFAPL-TR-65-24,
Mfay 1965.

3. Wallerstein, S. "Application of a Powder Lubrication System to a Gas Turbine
Engine", AFAPL-TR-65-43, Part I, June 1965.

4. Wallerstein, S. "Application of a Powder Lubiication System to a Gas Turbine
Engine" AFAPL-TR-65-43, Part II, December 1966.

I

i'1 77/78

- It,.•., ,



Si:

SECTION 3aV

BIBLIOGRAPHY

1. Amateau, M. F., "Final Report on Development of Wear and Frtction Infermatlon I
for High-Temperature Gear Materials and Lubricants", Batelle MemorialI
Institate, Columbus, Ohio, July 2, 1963 (AFAPL-TR-65-24).I

2. Anderson, W. J., Macks, E. F., and Nemeth, Z. N., "Comparison of Operation
Characteristics of Four Experimental and Two Conventional 75-Millimeter-Bore
Cylindrical-Roller Bearings at lilgh Speeds", NACA TN 3001, September 1953.

3. Bisson, E. E., Johnson, R. L., and Anderson, W. J., "On Friction and Lubrica-
tion at Temperatures to 1000 F with Particular Attention to Graphite", ASME
57-LUB-1, October 1957.

4. Bucur, E. J., Wagner, F. C., and Burwell, J. T., Jr., "Retainer Materials for
Aircraft Gas Turbine Bearings", WADC 54-598, March 1955.

5. The Institution of Mechanical Engineers "Proceedings of the Conference on
Lubrication and Wear, London: 1st - 3rd October 1957", Published by the
Institution, 1 Birdcage Walk, Westminster, London SW 1, 19.

6. Kakuta, K., "The Effects of Misalignment on the Forces Acting on the Retainer
of Ball Bearings", ASME 63-LUB-12, October 1963.

7. Sorem, S. S. and Cattaneo, A. G., "High-Temperature Bearing Cperation ia
the Absence of Liquid Lubricants", ASME 55-LUB-27, October 1955.

8. Wilson, D.S. and Gray, S. "The Development of Lubricants for High-Speed
Rolling Contact Bearings Operating Over the Range of Room Temperature to
1200 Degrees Fahrenheit", WADD TR60-732, January 1961.

79/80

__________-



~I ¸

APPENDIX I

DESCRIPTION OF TEST RUNS

This section summarizes all of the significant test results obtained during this
report period with specific emphasis on those tests which achieved the program's
objectives.

Test E-39 was run at 12,000 rpm with a heated rear bearing as a eheck with ruu
E-38, which was the Itst test made before the new drive system was Installed. Rear
bearing stabilization temperature wv,.s about 4700 F, which was 500 F higher than the
stabilization achieved In run E-38, 'out this difference was caused by test E-39 being
run at 703 watts heating instead of the required 648 watts.

Test E-40 was run at 16.000 rpm with rear bearing heating starting at 703 *atts,
which was reduced to 648 watts with a corresponding temperature reduction of about
50e F, confirming the cause of the difference in temperature between tests E-38 and
E-39. The rear besaing operated satisfactorily for 4 hours at about 4658 F Curves
of race temperature versus time are shown in figure 39.

Test E-41 was run at 20,000 rpm, and rear bearing temperature stabilization was
Lchievad at 515 F udter 160 minutes. At 130 minutea the temperature began a
gradual rise and restabilization and the test was stopped at 1,50 minutes (2-1/2 hours).
Duiring this run the torquemneter was not operating, but observation of the noise and
vibration of the test stand confirmed the temperature indication of a smooth running
bearing. Curves of race temperature vercus time are given in figure 40.

A summary graph showing bearing, tenjerature, torq• and horsepower versus
engine speed for all Phase 2 (temperature-speed) testing is shown in figure . Thedrop in stabilization temperature from 8000 rpm to the higher speeds is attributed

to the greater air circulation around the bearing housing caused by the Increased drag
of the turbine rotor dizc. The temperature then climbed with an increase in speed.
After this serim, of tests werv completed, an additional run at 8000 rpm was made
to verify the original temperatures. The results correlated very well, 540 F for
initial test and 516e F for the check test.

Phase 3 tes4ing consisted of running the unfired J-69 engine at 8000 rpm, with
unheated carriir air and rear bearing, with thrust loading on the front bearing was
varied from 0 to r00 pounds.

The original rear bearing housing, which also held the rear bearing heaters,
was made of aluminum and had warped during Phase 2 testing due to the high tem-
peratures of the beAring heaters preventing Its use with the thrust loading system.
A new housing snd thrust piston of similar design but made of steel to prevent
thermal distortion were made and installed in the engine. The new housing did not
have provision for a heater to be placed at the rotor shalt axi a, but a this axial
heater only provided 3 percent of the heating power, its omnssica was not considered
of major consequence.
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Test E-42 was performed as a checkout run of the new housing a d heater
arrangement. The results correlated well with those oi a previous run made under
similar conditions (E-33). Curves of race temperature versus time are given in
figure 41.

for Test E-43 was run with no thrust load until bearing temperatcres had stabilized
for one hour, at which time 70 pounds thrust load was applied through the rotor shaft
to the front bearing. The front (ball) bearing temperature restablblzed at about 200 F
higher than with no ioad. The roller bearing restabilized at a lower temperature thanthe original, this being caured by thrust loading air leaking past the housing. Curves

of temperature versue time are shown in figure 42.

Tests E-44 and E-45 were run sikccessfully at 1t;0 pounds and 250 pounds thrust
load. Curves of race temperature versus time are shown in figure 43.

Test E-46 was run with 423 pounds thrust load Ncause of excessive pressure
drop in plumbing on tho pneumatic lines supplying air to :ia thrust piston. The
plumblig was reworked and test E-47 p formed successfully at 500 pounds thrust
load. Stabilization temperature at t Ws load was 1750 F, about 70" F higher than with
no load. Curves of race temperature versus time for runs E-46 and E-47 are shown
in figures 44 and 45.

Although the ball bearing performed well at all load&, there was about a 35
percent increase in 9uwer required to drive the engine as load was increased from
0 to 500 poiinds. Curves of temperature versus load and total engine torque (bali
and roller bearings) versus load are shown in figure 29.

Phase 4 testing (at varying speed, load, a:, temperature) was started at 8000
rpm with the bearings previously used through Phase 3 (B-5a, R-6a). Test E-48
was started at 8000 rpm with a heated rear beasIng and 500 pounda thrust on the front
bearig. Testing was started with the thrust air at room ambient temperature, but
air leakag. ,own tie motor shaft had the effect of cooling the rear Waring, so
thrust air temperature was raised to 500 F which gave rear bearing operating tem-
perature of about 510 F. During this test the ball bearing outer race temperature
did not stabilize and the test was Out down when this temperature reached 326 F.
Engine teardown revealed good Jubricant filming in both ball and roller bearings, but
exc6sstve wear and metal smearing waz evident on the retainer guiding surfaces of
the ball bearing. Before teardown, the bearings had accumuleted 46 hours of testing
at speeds from 8000 to 20,000 rpm. Curves of race temperature versus ti me for
this run are shown in figure 46. Photographi cf .uth bearings after teardcWu Fre
prenented in figures 47 through 50.

The engine was reassembled Aith new bearings of the same dces!.n as previously
r.in, called B-5b, and R-6b, and test E-49 performed at 8000 rpm as a break in and
clibration run of the new bearings. Performance rorrelated well with calibration
of the previous set of bearings (test E-85). Curves of race temperature versus time
are givtm In figure 51.

Test E-50 was performed tot 8000 rpm with 500 pounds thrust L. ad and was btopped
after a succesaful run of 2 hours Ball bearing terperature3 were in good agreement
with a simiL•ar run using the p-evious bearingis (E-47), Curves of race temperature
versus time are given in figure 52.
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J-69 ENGINE TEST E-42
BEARING OUTER RACE TEMPERATURE VS TIME (B-5a, R-2a)

STEEL REAR BEARING HOUSING REPLACING ALUMINUM,
CENTRAL HEATER REMOVED - CALIBRATION RUN
IIEAT !XPUT X)NS'IANT AT VALUE WHICH WOULD (AVE
BEARING TEMPERATURE OF [-g0o F
SPEED = 8000 RPM
POWDER FLOW =0. 013 GRAM/MIN EACH
HEATING USED = 65?./3600 WATTS
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Figure 41. Engine Test E-42, Bearing Outer Race Temperature/
Versus Time (
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SPEED =8000 RPM
POWDER FLOW = 6i.0-18 GRAM/MIN EACH BEADING
BALL BEARING THRUST LOAD = RUN E-44 - 100 LB

RUN E-46 - 250 LB
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SPEED =800G RPM
POWDER~ FLOW - NOT AVAILABLE
BALL BEARING THRUST LOAD = 423 LB
BALL RACE POSITION 1 -o
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Figure 44. Engine Test E-46, Bearing Outer Race Temnperature
Versur Time
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SPEED = 8000 RPM
POWDER FLOW = 0. 014 GRAM/MIN EACH nEARING
BALL BEARING THRUST LOAD = 5C,) LB
BALL RACE POSITION 1 -O
ROLLER RACE POSITION 1 -<)
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Figure 45. Engine Test E-47, Bearing Outer Race Temperature
Versus Time
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SPEED =8000 RPM
POWDER FLOW =0. 015 (RAM/MIN EACH BEARING
BALL BEARING THRUST LOAD 500 LB
HEATING =652/3600 WATTS

- -- -540
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f'igure 46. Engine Test E-48, Bearing Outer Race Texaperature
Versus Time
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Figure 47. Test Bearing B-5a Outer Ring after Test ý-48

FIgure 48. Test Bearing 8-5,% Retainer after Test E-49



FIguro 49. Test Bearing R-6a outeir DIM after Test £C-48

Fixure 50. Teist DBulzig K -U Rs-tomirr .z4& VW*Us after Togt £48
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SPEED = 8000 RPM
POWDER I LOW = 0. 015 GRAM/MIN EACH BEARING: BALL RACE POSITION 1-0

ROLLER RACE POSITION I -0
2-.

100

S~BALL RACM

ti0__ __ _____

INLET ALI•

70 ----

0 60 60 120
TIME - MINUTES

lgure 51. Engine Test E-49, Besring Outer Race Temperabav
Versus Time
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SPEE:D = 8000 RPM
POWDER FLOW = 0. 013 GRAM/MIN EACH BEARING
THRUST LOAD = 500 LB
BALL RACE POSITION 1 -O

2-0
ROLLER RACE POSITION 1 -0

22-0
S240

220 -BALL INLET AIR-

ROLLER INLE AJR-

BALL RACE

160

120 -

100-.I ----.-. -
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Figure 52. Engine Test E-60, Bearing Outer Race Tenmerature
"Versus Time
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Test E-51 vwaSq started with 500 pounds thrust load at 12, 000 rpm but was shut
down when the hall bearing temperature rm _to 3500 F after 33 minutes of operation.
Curve4 of race teinperature versus time are shown in figure 53.

On teardowi, it was seen that the two inner rings of the ball bearing had welded
together at the inner i :-ce %rtng surface, this being 4 -ompanied by metal smearing
smd flaking as shown in figures 54 and 55. Severe vwear . ,d smearing was evident
in the retainer ball pockets as shown in figure 56. !nvcbtigation showed that powder
buildup or retainer flaking might have reduced internal bearing clearances and caused
binding. This was eovfirmed by a failure analysis performed on the bearing by the
manufacturer.

For test E-52, roller bearl-ig R-6b was kept in the engine, but a new ball bearing
of prevotisly untested design (B-4) was installed as the front bearing. The balls and.
rings -f this bearing are of M-50 steel and the retainer of Monel S. The retainer l*s
an X-shaped cross section designed theoretically to provide for better lubricant flow
through the bearing. Test E-52 was a bearing break in and calibration run and was
stopped affer successful 2 hour run at 8000 .pm. Curves of race temperature
versus time are shown in figure 57.

Test E-53 was run for 2.3 hours, with both Uearings achieing stabilizod tem-
perature operation at 8000 rpm with 50 pounds thlrut on the front bearing. Ball
bearing stabilization temperature under this load was about 35 F higher than for test
E-52 with no thrust load, which was caused in part by the use of heated lube carrier
air for test E-53. Curves of race temperature versus tUme are shnw&,n f.i are 58.

Test E-54 was started at 8000 rpm with 100 poundrs thrust on the front bearing.
The test started well and the ball bearing was approaching stabilized operation &fter
50 minutes, when the bali bearing temperature and engine torque sudieuly increasse.
roquiring test shutdown. Inspection revealed a good lubricant film on the ball bea•iag
races and balle, but very poor filming on the Monel retainer rubbing surfaces. On
these surfaces the lubricart appeared to have caked unevenly and smeared, producing
an uneven sliding surface. It was decided to discontirue testing of this retAiner xesign
in favor of the more successful design (B-5 series) which Nad run at 8.000 -pm •itth up
to 500 pounds thrust load. Curves of -ce terr~erature % ersus time for test E--54 are
shown in figure 59 and a photograph of the retainer rubbing surfaces in flgUý'e 60.

For test E-55, roller bearing R-6b was kept in the engine, but a new belt bearing
(B-5c) of the type previously tested to 20,0000 rpir with no load, was Installed. Run
E-55 was a checkou. and calibration run at 8000 rpui with no load. There was a rqpid
rise of roller bearing temperature soon after the run wa3 started, probably caused by
some powder clogging, but bearing temperature thereafter dropped oft, and tahtulized
with no further problems. Stabihz~ticn temperatures for this run were about I0Y F
higher than the previous comparable run (E-49) but this was comnidered only a minor
disc-Vancy, as bearing performance was otherwise very smooth. Curves of race
ter.1 eraturc versus time are shown 'n figure 61.

Test E-56 was run at 8000 rpm with heated carrier air and F0 pounds thrust
lItdcor the ball bearing. Bali bearing temperature ahowed a v'ry slight (i" JF) tem-
perature varintion daring the test, but the bearing was co•,,.ered to havte aceWed
stabilized operation, and the tost vw m stopped after 140 minut -s. Ball bearing op-
erating temperature was about 50 F higher than In run E-55 rt most of this increas
was attributable to the heated carrier air. There w-.s no correspoudwC Wcreaw In
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SPEED = 12,000 RPM
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Figura ZI. Test Bearing B-5b Inner Rings after T-het E-.51

F.1gure ~55 Test Bearing t3-5b Inner RIN~ Cros. Section Shwing
Weld at Race 8iurfmr~e

-9--7



Figure 58. Test Bearing bý-5b Retainer afte~r T!est
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SPEED 8000 RPM
POWDER FLOW = 0. 012 GRAM/MIN EACH BEARING
BALL RACE POSITION 1 -0
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Figure 57. Engine- Test E-52, Bearivigs Ouelace Temperature
Versus Timie



SPEED =8000 RPM
POWDER FLOW = 0. 012 GRAM/MIN EACH BEARING
THRUST LOAD = 50 LB
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SPEED 8000 RPM
POWDER FLOW = 0. 012 GRAM/MIN EACH BEARING
THRUST LOAD = 100 LB
BALL RACE POSITION 1 -O
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Figure 59. Engine Test E-54, Bearing Outer Race Te-nperature

Versus Time
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Figure, 60. Test Bearing B-4 After Test E-54
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SPEED 8000 R*9M
POWDER FLOW = 0. 013 GRAM/MIN EACH BEARING
BALL RACE POSITION 1 -O
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Figure 61. Engine Test E-55, Bearing Outer Race Temperature
Versua Tinme
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roeler bearing temperature from the previnus test, Ult this was che to the cooling
effect of leaking'thrust air. Curves of race tenperaturo• vtrsus time are showM in
figure 62.

Test -67 was ran with 100 pounds thrust. load at 8000 rpm, and stabilized opera-
"tion of the ball bearing was obtained at about the same temperature aa with 50 pounds
lo&d. Curves of race temperature versus time are shown in figure 63.

Testing at 12, 00G rpm wi h 50 pounds thrust load was performed with test run
E-58. With heated carrier air, the ball bearing reached a stabilized operating
temperature of 165" F and remained at this leel until the test was stopped after two
hours. This was aa increase of about 10 F over the 8000 rpm operating condition.
Curves of race towpo•ature versus time are show a in figure 64.

Test E-59 was performed as a checkout run with a new rear labyrinth and rear
bearing. The run was successfully completed at 8000 rpm with no thrust load and
with lubricant carrier air at room ambient temperatures. Curves of race tempera-
ture versus time are shown in figure 65.

Tests F-60 and E-61 were repeats of previous runs at 8000 and 12, 000 rpm
respectively with heated carrier air and 50 pounds thrust load. Time-temperature
curveE for these rums are shown in figures 66 and 07.

Test E-62 was successfully performed at 16, 000 rpm with 50 pounds thrust and
heated carrier air. During this run the ball beariln e~lnerature stabilized at about
195 F, as shown in figure 68, which was about 50* F greater than at 8000 rpm.
Immedftely following test E-62, the engine speed was being increased for a run 9t
20, 000 rpm when, at about 1S, 000 rpm, an aluminum ahroud over the turbine wheel
broke, Anductlg severe vibrations In the engine and causing an immediate shutdown,
Upon teacdwn, there was sebn to be no damago to agy of the rotating parts of the
ongine, and it was decided to attempt continued testing with the same bearings and
no shroud over the turbine disc. The engine rotor assembly was dynamically balanced
with the unshrouded turbine disc, an4 test E-33 was performed as a checkout at 8000
rpm with no load. As shown in figure 69, both bearing& achieved temperature
stabliatlon at a low level indicating that there had been no damage incurred to the
vearinge when the shroud breke. The torque, however, was about three times as
high as previouc similar runs with a shrouded turbine disc, indicating that w~ndage
losses caused by the exposed fir tree footings would be in excess of the drive system
capabilities at high speeds (16, 000 and 20, 000 rpm).

In lieu of installing a new turbine shroud, a simulated turbine disc with no fir
tree footings was fabricated and used in place of the original turbine disc on the
"engine rotor shaft. Test E-64 was performed as a checkout run of the new onginc.
assembly at 8000 rpm, during which the bearings performed satisfactorily as shown
in flgu: e 70. Immediately following this run, a high speed checkout run of 4-1/2
hous duration was made. This included one hour's running at 16, 000 with 50 pounds
throtst load, awd 6eiverai minutes running at 20, 000 rpm with w.' load. TorqueI readings and engine noist indicated that the bearings were performing well througbout
thit run, but accurate temperature readings could not be obtained because of diffi-
culties encmntered In the t,,mperature readout instrumentation.

Test F,-65 wat run at 16,000 rpm as a comparison with run E-62. During this
test, thrust load on the front bearilg was viried from 0 to 50 pounds. With no thrust
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SPEED 8000 RPM
POWDER FLOW = 0. 011 GRAM/MIN EACH BEARING i
THRUST LOAD = 50 LB
BALL RACE POSITION 1 -C I0

2-0
ROLLER i'ACE POSITION 1 ->

2-o
4,60

BALL INLET AIR

240

II

ROLLER INLET AIR
220

200 . .

180

S1601

14 o BALL RACE 1
140

ROLLER RACE
1001

THRUST AIR

EjAMBIiTv
• . 60,

0 .60 120

TIME - MINUTES

Figure 62. Engine Test E-56, Dearinlg Outer P~ace Temperatur-e
Versus Time



SPEED 8000 RPM
POWDER FLOW = 0.011 GRAM/MIN EACH BEARING
THRUST LOAD = 100 LB
BALL RACE POSITION 1 -O

ROLLER RACE POSITION 1 -0

260-

BALL INLET AIR
240 11

ROLLER INLET AIR

220 - - -

200 -

SE" 160 -

04 0_ Z • ,.. BALL RACI•

140 _ - _-•

S • • , •7 ' O.LLER RACE

80 iI __ - [... i
ROOM AMBIENT AND THRUST AIR

•" ~ ~~ ~~60 .. . . .. [

0 60 120
TIME - MINUTES

F' e 63. EzVw Teat E-57, Bea-xig )Jtar Race Tenheratt-rei Versusa Time

J.I _0_
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SPEED = 12, 000 RPM
POWDER FLOW:- 0.0!2 GRAMX/hN EACH BEARING
THRUST LOAD = 50 LB
BALL RACE POSITION 1 -O

2-0
ROLLER RACE POSITION 1 -0

280 - -

260 - - -

240 - 0 - - BALL, Ii4LET AIR

220

S- ROLLXR INLET'AIR

2 0 0 - ---

100

w 180

0 SALT, RACE

S160 -

S140

120--
* ,ROLLER RACF

1 0 0 ",

so -POM AMBYrNT AM-
-- ----

0 60 120 so
TIME - MINUTES

Figure 64. Eugine Test E-58, Bearing Outerr Race Temptrastre
Versus Time
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SPEEJD 8000 RlPM
S~POW-DER FLOW = 0. 010 GRAM/MVIN EACH BEARING

- BALL RACE POSITION I -o
, ~2-' 0I-

T122

Figre S. .POWE FLeOW 0.59 oeairo g 'erAMIW.o, TEACHEARING
BALL RACerPsIsTiONe-

lie
BALL RACE

r4100 -- - - -, - - -

~OLOLE[T CE

70

7 0 LL~hLW120
TIME - MINUTES

Figure 85-N-4Arcýos rest E-59, 3oring Outer Run Teznpvratuiie
Verst.b Time
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SPEEkD - 8000 APM
POWDER FLOW = 0. 011 GRAM/MIN EACH BEARING
THRUST LOAD = 50 LB
BALL RACE POSITION 1- o

2 -a
ROLLER RACE POSITION 1 -*

260 -

240 .

/ /•/-•"ROLLER inoET AIR

220

200

180

E-' 160

1�: 1 RO LL RACE

S140 •"

Fiu'6 3 Ekgn etAR

1206.1

ROLLER RACE

ROOM AMBIENT "NT]'UST AIR

060 )120

TIME - MINITrES

Figur, 66, Engine Test E-60, Bearhng Outer Race Temperaýure
Versus Time
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r.. " 6,

SPEED = 12,000 RPM
POWDER FLOW = 0.010 GRAM/MIN EACH BEARING
THRUST LOAD = 50 LB
BALL RACE xAOSITION 1 - o

2-o
ROLLER RACE POSITION 1 -

260 .2-

BALL INLET AIR

240- ___.-

ROLLER INLET AIR

220- -__ _

200 -

S180

120S140

120 '

100 -- ROLLER RACE

.4

ROOM AMBIENT AND THRUST-AIR

60

0 60 120
TIME - MINUTES

Figure 67. Engine Test E-.61, Bearing CUte" Race TemperatureVersus Time
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SPEED 16,000 RPM
POWDER FLOW =0.01.0 GRtAM/MIN EACH BEA-RING
THRUST LOAD= =50LB
BALL RACE POSITION 1 -

ROLLER RACE POSITION 1 -~
240-

2400

1 6 0 
_ _ _ _ _ _ _ __w

~140

120 ____

80(____ ---. I-____
ROOM AMBIENT A:ND THRUST AIR

0 60 120 160
TIME -MINUTES

Figure 68. Engline Test E-62, Bearing Ckittr Race Tenrperature
Versus Time



COVERING SHROUD REMOVED FROM TURBINE DISC
SPEED = 8000 RPM
POWDER FLOW = 0. 012 GRAM/M'IN EACH BEARING
BALL RACE POSITION 1 - o

2-0
ROLLER RACE POSITION 1 -

~~2-0
fMl.l, RLACE

so- ROLLER RA.CE

80
S• i 'ILET Ant

d77 0' 1
0 60 120

TIME - MINJTES
flgue 69c Engine Test E-63, Bearing Outer Race Temperature.

Versus Time

DUMMY TURBINE DIC INSTALLED IN PLACE OF ACTUAL DISC
SPEED = 8000 RPM
POWDER FLOW - 0.008 GRAM/MIN EACH BEARING
BALL RACE POSITION 1 - o

2-a
ROLLER RACE POSITION I - Q
90 2

S~~BALL AND ROLLER RACES "

r44

80

14:

10 IN / • "rLIET AMR,,

1- 0 0 0 120

TIME - MINIJTES

Ftgure 70. Engine Test E-64, Bearing Outer Race Temperaiure

Versus Time
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load, front bearing temperzture stabilized at about 1450 F, and with 50 pounds thrust,
at about 300*F, which was over 100 F greater than previously obtained at similar con-
ditions. Curves of bearing temperature versus time for this run are shown in
figure 71.

There was found to be a possi'ýlity of thermocouple instrumentation malfunction
during test E-65, 9nd so after checkout of the instrumentation tests E-66 and E-67
were performed as checkout runs at 8000 rpm, with 0 to 50 pounds thrust load
respectively. As shown in figures 72 and 73, ball beuring temperature stabilized
at low levels for beth of these runs, showing the bearing to evidently be in good
running condition.

Test E-68 was run at 16, 000 rpm with 50 pounds thrust load as a check with the
previous test at these conditions (E-65). During this run ball bearing stabilization
was reached at about 30M" F, which was the same as during run E-65. After one hour
of running the powder flow was increased from 0. 010 to 0.033 grams per minute,
causing a reduction of ball bearing temperature to about 2700 F as shown in figure 74.
At this higher flow condition the ball bearing temperature was slightly erratic, in-
dicating that the higher flow rate was possibly c&using some powder clogging in the
bearing. Upon teardown after this run, there was seen to be a moderate amount of
wear on the retainer guiding surfaces and wear tracks were ground into the outer ring
guiding lands of the ball bearing.

Testing was continued using ball bearing S/N B-5, which has been used for pre-
vious testing at speeds to 12, 000 rpm with no thrust L.ad. Except for some burrs
on the retainer, which were removed before installation, the bearing was in good
condition, and performed well during the checkout test at 8000 rpm (test E-69,
figure 75).

Test E-70 was run at 8000 rpm with 50 pounds thrust on ýhe ball bearing. Ball
bearing temperature during this run fluctuated between 145 F and 155 F, with some
stabilization reached in the area of 155° F, as sh3wn in figure 76. This run was
stopped aftei 160 minutes because of excessive noise emission from the front bearing.

To determine if the bearing no-. - w..Mav IndAdfcd di•,uced by thrust loadir-, test E-71
was started at 8000 rpm with no thrust load. After one h ýur, Vb which time the ball
bearing operating temperature had stabilized in the area of 110 F, a thrust load of
50 ýounds was applied, at which time ball bearing temperature increa..-A to about
160 F, and the bearing became noisy. Curves of race teA ,perature versus time for
this test are shown in figure 77.

Upon engine teardown, bearing B-5 was seen to have retainer and ring guiding
land wear similar to, although not as severe as, tl-e previously run bearing (B-5c).

An inspection of the J-69 engine main bearing mounts at this time showed that the
mounts were out of concentricity by 0. 010 inch to 0. 015 inch. This probablt cause
of the ladt two bearing faiiurus was tracked back to the disintegration of tO flywheel
shrouu following tent E-62. During consultation with the manufacturer of the two
failed bearings, this out of concentricity condition was confirmed as being the pro-
bable cause cf the bearing failures.

Following engine bearhlg ho-as•ng realignment to within J. 0005 inch and re-
balancing of the rotor shaft, the engine was reassembleu with iiew ball and roller
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SPEED - 16,000 RPM
POWDER FLOW =0. 014 GRAM/MdIN EACH BEARING
THRUST LOAD =0 AND 50 LB AS INDICATED

50 0 4-- 50 THRUST (LB)

320 - 0- -

0 0

300 -

281a IBALL RACE/

260 --

ROLLER INLET AIR

240

2200

H9ALL INLET AIR
~200

160

-, ROL~LERRC

ROLLER RACF POSITION I-*

ROCM AMBIEN`A- A ND THRUUSTAI

0 ~ 0 12o ISO
TIME - MINUTES

Figure 71. Engine Test E-65, Bearing Ouiter Race Ternperttitre Versus Time
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SPEED = 8000 RPM

1O1-WDER FLOW = 0. 010 GRAM/MIN EACH BEARING

BALL RACE POSITION 1 -o
2 -

ROLLER RACE POSITION 1 -0

2 -0

___ II7I7 F
120

10.ALLRACE

90[

I ROLLER RACE

IN LUE AIR~

0 0 120

-MINVUTS

Y~gure 72. EnglWe Teal E46, Bmering ().iter Pace Te~mperoftare Viez-fu Timl
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SPEED 8000 R~pm

POWDER FLOW ( 0. OleGR/,.M/MIN LA;.CH BEARIN%

THRUST LOAD 50 LB

BALL RACE MOSITION I -0

ROLLERR ACE PC%,RITION I 0

2120

-0-ROLLER RAINI I

0 6 120

1306

- ~ ~ ~ ~ ~ ~ B L RACE --- , _________________



SPEED - 16, 090 RPM
POWDER FLOW. 0.010 AND 0.033 GRAM/MIN EACH BEARING AS INDICATED
THRUST LOAD 50 LB {APPLIED AFTER 10 MINUTES)
BALL RACE POSITiON 1 - o

2 -a
ROLLER RACE POSITION I -

340 0.0.0 2 0.033 POWDER FLOW
GM/MIN

a0

.[ °320 ---- o

280- 1 1
2 aBALL RACE

260 .

240LE INIT AIR

2 2120

BALL INLET AIR

-1 200 •I ..

130
160 .. . .. a

140 --- OLLER RACE

100 4t"- -L"---123 r

100

-ROOM AdABIENT'Axr* 'THRusT AIR

0 60 120

TIME - MINUTES

Figure 74, Engine Test E-68, Bearing Cuter Race Tenrperature Versus Time
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SPEED 8000 RPM
POWDER FLOW = 0. 014 GRAM/MIN EACH BEA111TNG
THRUST = 50 LB
BALL RACE POSITION 1 -o

2 -a
ROLLER RACE POSITION 1 -

2 -

220- _-

ROLLER INLET AIR

210 ,T -A"BALLN ITA

200 i , ,

L ____BALL RACE

10S140 -

S130 __o

• 120

110I-, L

100 --L i
gn L

h ER RACE

70

SWOOM AMBIENT AND THS-r' AIR

060 120 ISO

TIME - MILNT.•Es

Figure 76. Engine Test E-10, Bearing Outer Ratce Temperature VatmsusnMa
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SPEED = 9000 RPM
POWDER FLOW = 0.012 GRAM/MIN EACH BEARING
THRUST LOAD =50 LB APPLIED AT 60 MINUTES

BALL RACE POSITION I -o ROLLER RACE POSITION 1 -I2 -a 2 -o
2b

230

I ROLLER INILET AIR -

220 -t

210 - - -

BALIINLET AIR
200

170*1

BALL RACE

P4 150

S130 -

iE- 12 01tJ:

110, 0

4 * ~RO!T IR RACE
91 *

8 0 - -- -..

THERMOCOUPLE BROKE

70 -

OOM AMBIENT AND thRUST Al

60L
0 60 120

TIME -- MINUTES

F.i.gurc '76 EzixTi Test E-71, Bearing Outer Race Temperrsture Vora4A. Tin,,

120
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bearings (B-3a, R-Ia) to be uF~ed for clh,ýcklng concentricity and balance. Test E-72
was started at 8000 rpm wit h no load and after 100 minutes a thrust load of 50 pounds
was applied. Ball bearings stabilization temperature, as shown In figure 76 increased
by about 10 0 F whe,,a the load was applied.

Test E-73 was run at Y2, 000 rpm~, again with thrust loading increased from 0 to
50 pounds after one hour running. The bearings performed well during this run, as
evidenced by the temperature stabilization as shown in figure 79.

Tests E -74 and E-75 were perfcrmed at 16, 000 and 20, 000 rpm, each run being

started with zero thrust load which was ra! sed to 50 potuAd after one hour' s rumning.

A j shown in figures 80 and 8 1, tielcearings perfc rmed well at these speed and loadV
levels. After one hour's running at 20, 000 rpmn with 50 pounds Of thrusti on the ball
bearing, thrust load was increased to 100 pounds. Within five minutes, ball bearing
temperature had increased from a stabilized value of about 1900 F, to an- unstable value
of over 30000 F. After almost. 30 minates of unstable operation at this load level
(shown in figure 81) the test was stopped because of this poor performance.

Following the testing at. 20, 000 rpm, a short'. ran was made under 50 pounds th~ruit
at 8000 and 12, 000 rpm as a comparison with perf3.rnance obtained during testEs
E-72=ad E-73. Ball bearing temperatures were about 15-F to 20F higher than
during the earlier tests, 6nd the bail bearing sounded noisy, so this test was stopped
and the engine was torn down. On disassembly, a shaft locking nut at the front bearing
assembly was found to be loose on the shaft, and It was felt that this looseness was
the probable cause of erratic bearing operation at the high thrust load condition.
The baA' bearing itself was found to be in good condition, with a good lubricant film
on all surfaces and only some light retainer wear.

While erratic running conditi-ons were encountered at high speed - high load op-
erations, a complete sjeries of runs at varying speeds and loads had been made wlich
ball bearing B-3a. The results of this testing, plotted as temperature-speed curvrs
with thrust load as parameteir, are presented in figure 30.

For Lintinued tesiing, the R la rcller bearing wais kept in the engine and a new
ball bearing: S/N B-5d was inst~allad. T.-ds differed from previous B-5 series h-eirlngs
in that no powder exhaust grocves were At in the retainer. (B-5 s-.ries is the design
tentatively selected for uge in the final engine design). Test E-76 was a checkout run
of the new bearing and was 3tarted with no thrust lead. a load of 50 pounds being applied
.Iter 90 iuinuteg. Temrperature stabi1lznction was readily achieved under both loading
.,nditions, as shown in figurc 82.

The next test run was starts?& at 12, 000 rpm. but was shut down when txcessive
%v.bratior was found in t!fe engine. Subsequient testing and inspction revealed tliat this
Afbration was caused by an out of t;_la,,nce condition in the rotor shaft, qnd the shaft
was rebalanced, then the enigine v es ree.-seenirft( with new bearingsi (B-4a and R-4)..

Test E-77 wap performewd with 0these no-vv begrini;J as a check- of the engine assew-
bly balance at 3000 rpm with 550 pou-.nds thr,,xur load. Buarir~g stabilization was readily
achieved 4s shown In tigu:'ce S3, i',i2-!., tng that the 61-11t v.'as In balanceo. A previous
test, E-.53 with thisq 0.~i a t~~i -fi' r ain.el-: thie failure was in the re- f
tainer dzesign and not the MNlncl S inate:~a1.

The nex, tvcms was atarflec a-, 12, 09.) rpni but wvas shut (tovn when ball bearinge temn-
perature increased rapdfly three minutrUen after appl,?ing 50 poutios thrust load.
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ENGIFE BEARING MOUNTS REALIGNED
SPEED = 8000 RPM
POWDER FLOW = 0.013 GRAM/MIN EACH BEARING
THRUST LOAD = 0 INCREASED TO 50 LB AFTER 100 MINUTES
BALL RACE POSITION 1 -o

2-g
ROLLER RACE POSITION 1 -I

2 -.

230
ROLILEF. INLET AIR owý`

BALL INLET AIR
210

200 .-.-

S130

19,0
II ABALL RACE o

710=

ROE LL1

soo

700

60 120 160
TIME - MINUTES

Flgigurc 78. Engine Test E-72, Bearing Outer Race Temperature Versus Tirma
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SPEED - 12,000 RPM
POWDER FLOW = 0.012 GRAM/MIN EACH BEARING
THRUST LOAD: 0 INCREASED TO 50 LP AFTER 60 MINUrES
BALL RACE POSITION 1 -o

2 -~

ROLLER RACE POSITION 1 -¢

2-
230 -

ROLLER INLET AIR .1
220 K " -]"•

0- BALL INLE AIR

210----

200

150 -0

140

130

120

123

10 T

loo

: AMD ENT'

60' ' -
0 60 120

TIME - MINLITrES

Figure 79. Engine Test E-73 Bearing Outer TRce"omperature Versuas Time
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SPEED = 16,000 RPM
POWDER FLOW = 0.012 GRAM/MIN EACH BEARING
THRUST LOAD: 0 INCREASED 1O 50 LB AFTER 60 MINUTES
BALL RACE POSITION 1-o

2-0
ROLLER RACE POSITION 1-*

2-.

250

240 ,_BBALL INLET Alit

220

ROLLER INLkT AIR
210

BALL RACE

170 i I 0 0

160 - -

150

140 -

130

1201

"110 ROYLE. RAt E

100

90 THR• '1AD

80 - -- -.. IE
70 , Wup.-B, N - •

0 60 120

TIME - MINUTES

figure s0. Engimi Test E-74, Bearing Outer Race Temperature Versua Time
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SPEED = 20,000 RPM
POWDER FLOW = 0, 020 GRAM/MIN EACH BEARING
THRUST LOAD: 0 INCREASED TO 50 LP AFTER 70 MINUTES

INCREASED TO 100 LB AFTER 130 MINUTES
BALL RACE POSITION i -o

2 -a
ROLLER RACE POSITION 1 -0

2 -1

360 -- ~- 440
320- • ALL RACE

280 --- !I
20BALL INLET AIR

ROLLER INLET AIR
220

200. ....

180 --- -- ---

160 6- 12- -1
140

1005

THRUS"T LOAb AM

0 60 120 180 -
rIMIE -MINIIIIFS

Figure 81, Enigne Test E-75, 13earting Outer R1acelTe-inperttture \Vorous Trime'



SPEED f 8000 RPM
POWDER FLOW = 0. (15 GRAM/MIN EACH BEARING
THRUST LOAD: 0 INCREASED TO 50 LB AFTER 10 MINUTES
BALL RACE POSITION 1 - o

2 -o
RO -LER RACE POSITION 1 -0o

2-
22 -6 0.

260
F- OLLER INLET AIR

250

240 • •"•"BALL INLETf AIR

230

220 ... __

130 -

ISO. . .. . ......... ".

110 __

9(11

S [ YROLLER RAýCE

TllRUS:TAl

60 L ~~MN
V 'M:. MI.I' ,

flguire 42. ?i1, ini Test E-76, I31varitsi. k!tU r 4 oe# 1'eii eratur-. Vp•u .•r.5ie
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SPEED - 8000 RPM
POWDER FLOW = 0.012 GR(MI'MMIN EACH BEARING
THRUST LOAD = 50 LB
BALL RACE POSITIo]P 1 -o

2 -r
ROLLER RACE POSITION I -O

260 BALL !NLET AIR

240?4

0 0

12019

100
loo 4 -.. . . . .

9011
30 -

'I I

'ROOM AMIBIEINT THIM)Tt AIR .

0 tc0 120

TIME - MINL77ES

Figw-.,v 8:s. Fngine Test E-77, Bearing luter tAco Te•.nprature Versus TJim
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Inspection revealed lack of powder lubricant filming on the Monel retainer to be the
cause of failure,

For test E-78, roller bearing R-4 was kept in the engine, and ball bearing B-Sd
was reinstalled. This test was performed at 8000 rpm as a check with test E-76.
Bearfrg stabilization was achiclied at approximately the same temperatures as the
previous test, as shown in figure 84.

Test E-7J was performed at 12, 000 rpm with 50 po,.nds thrust load, and while
bearing temperature stabilization was achieved as shown in figure 85, tJh3 front bear-
ing sounded somewhat noisier thai usual. The next tert run was started et 16, 000
rpm with 50 pound& thrust load but wat, shut down aftei a few minutes because of high
torque anti noise level at the froit bearing. Disassembly showed the bearing to be in
good condition with a good lubricant i,-m or, balls and races, but an excessive amount
of retainer % e'.r. The retainer was ddxa: red and F-pwder exhaust grooves were cut
in it prior to reassembly of the bearinp in the engine.

Test E-80 was a low sEeed (9,000 tprn) checkout run of the engine with tý, now
modified B-5d ball bearLkg. The bearings ran we, !, as shown in figure 86, and the
ball bearing stabilized at a slightly lower temperý,ture thaa during teat E-76.

Test E-81 was run at 16, 00 rpui wth no i bust load, but difficulties with the
powder flow system during this .un inva-k1atedthe datobtained.

Test E-82 was performed at 12, 000 rpm with no thrust load but with powder flow
varied by varying lubricator fee-whecl speed. There was seen to 'e a negligible
cha.nge in temperature of both the bell and roller bearings as this feecdwheel seed
wau Inerea,'d from iwst normnal 2 rpm to a maximum of 10 rpm. Curves of race
temperature versua time are shown in figurer 87 and 88, (this tee. was run in two
parts).

Test L- l was performed to determine the r'iect of changing tubrfcant flow with
a bearing speed of 15, 000 rpm. Unlike the results obtained at 12, 000 rpn'i. there was
a drop In ball. bearing temperature of about 145" F when the lWbricalor feedwheel bpeed
was iwr-eased from 2 to 4 rpm. There was no significant change in b9Ll bearing
temperature as feedwheel speed wat increased te 6 rpm, indicmating that there is
evidently a "critical threshold flow" at which point powder lubricatton shows a marked
Inc rease in effectivenes. This might be due to windage effe,'As in the bearlg, or
possibly to the foreratioii of a aiu'"e thlroulgh temporary poowder coating an the bearr--g
surfaces as powder fho" i.' incrtttsed beyond tIaC requrwts r•inimum nevel. It is
interestirg to note that as lubricator speed was ir-creatted irom 2 to 4 rpm, there was
a slight incresse in rlAler bearing temnpemature, in this case ps.•ibly caused by the
powdt. - flow be"ng utzfie1icAt to ctuse a slight amont of cloging tcakinrg) in the roller
beacmh,. Ct-"¢eu f -act. temnper-iture versub 'm.e for rum E-913, wOich was performetd
iW two parts, are shown in figures ,S9 and M0.

Tcst L-84 wias pt,,ftrmed at 20, 0(0 rpi %ith a thurgt load of 50 pourA. applied
after 11' minutes. This tet was periormed wiL.h powder flow at th, n1i}'er ktvel
shown to be desirable during the previ-.W run (estimated at about .. 025 grams per
mllnute), There was a sharp increase in ball betrtng 4tbill7at1Ok 'eomperature
tabout 35" iF) when the thrust had was applied, but after 30 minutes runniri wfth loud.
WI1l beartig temperaiure dropped gradbally and restabilized at about 182' F as sown
in tigure 91. The drop !r. tempestare was probably caused bty caked poweer of(siiy
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SPEED = 8000 RPM
POWDER FLOW = 0.012 GRAM/MIN EACH BEARING _

THRUST LOAD = 50 LB
BALL RACE POSITION 1 -o

2-a
ROLLER RACE POSITION 1 -0

270 I,
BALL INLET AIR.2eo f Ii sL . I

250 -

S120 BALL o :"'C ..

ROLLER RACE INLET

0-- •60

Figu•re 4,4. tEvglte Test, E-7R, Boarln Outer Rai:e Tecrpcra~urt Vot-, 'lnw,
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SPEED = 12,000 RPM
POWDER FLOW = 0.013 GRAM/MIN EACH BEARING
THRUST LOAD - 50 LB
BALL RACE POSITION 1'-- o

2 -o
ROLLER RACE POSITION 1 -

260
BALL INLET AIR

250
ROLLER INLET AIR

160 ,. 13, _• • c

150 BAL-e RACE
150

130 -

100
ROLLER RACE

ROOM AMBIENT AND THRUST AIR

60 60 120

TIME - MINUTES

Ik1pre J5. Engine Test E-79, Bearing Outer Race Temperature Versus Time
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SPEED 8000 RPM
POWDER FLOW 0. 015 GRAM/MIN EACH BEARING
BALL RACE POSITION 1 -0

ROLLER RACE POSITION 1 -0

230

BALL INLET AIR

220-

000-00ýROLLER INLET AIR

210

10

II-I

00

80

AM3TENT

0 TIE 60 120

F-gure 86. Eag~ne Test E-80, Beazr1ng Outer Race Teu~pirature Versus Tirae
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SPEED 12,000 RPM
POWDER FLOIF - VARIED, LUBRICATOR FEEDWHEEL SPEED
AS INDICATED, NORMAL SPEED IS 2 RPM
BALL RACE POSITION 1 - o

2 -
F(OLLER RACE POSITION 1

2 3.- FEEDWHEEL
(RPM)

I -o • LL.L RACE

• n •. .. .• , . • , , R O .L L -R RA C E

0 60 420 180

TIME - MINUTE8

Flgtire 87. Ergine Test E-82, Bearing O.ii, Rao, Temperature Vers- a Time
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SPEED = 12,000 RPM
POWDER F'LOW VARIED, LUBRICATOR FEEDWHEEL L-JEED AS INDICATEDf
NORMAL IS 2 RPM
BALL RACE PosrrION I -oa

ROLLER RACE POSITION 1 -0

FEEDWHEEL

0

BALRACE 0 o.ý'I

11--p 0:

""I(EST) ROLLER RACý'

90 t------------

0 60 '10 1S0 240

TIME - MMN'PrES

Figure 88. Engine Test E-82 (Part I1). Beari Lg Outer Race
Temperature versus TMme

133



SPEED = '6,000 RPM
POWDER FLCW - VARIES, FEEDWHEEL SPEED AS INDICATED,
NORMAL, IS 2 RPM
BALL RACE POSITION 1 - o

2-0
ROLLER RACE POSITION 1 -"

2________ 4FEEDWI!EELF--2 - - 4 RPM
300o - " -- -

0 0 v I
0

260 13

-- o0 1
220 - - BALL RACE2

180

140 -- -- - M

100

- -INLET A

60-__ ____. ___

0 20 40 60 80 100 120 140 160 180

TIME- MINUTES

Figure 89. Echue Test E-83, Bsaring"iter Race Temperature Vereus Time
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SPEED = 1C,000 RPM
POWDER FLOW - VARIES; FEEDWHEEL SPEED AS INDICATED; NOFMAL IS 2 RPM
BALL RACE POSITION 1 -o .

2-

ROLLER RACE POSITION 1

"FEEDW$HEL RPM

4 PIN___old__2--" 4-J- •6-- J -- z--- - .

300

0

0,

BALL RACE

24 -- --

3C- - - - -i - i - "

680

120 6012A1CE4

FIur 0.EgeTotE8(Pr ), B "!n ut~Rc

.. ., ..... . ,l

TIME - MINUTE

Temp~rature Versus Time
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wearing out of the bearing subsequent to its being run with a lubricatir feedwheel
speed of 6 rpm.

Test E-85 was performed with conditions similar to the preio'•,.i rua, but ,qth
lubricant carrier air heated to simuiate engine bleed air temperature. Ball bearing
temperature stabilized at 2000 F, but after about 1-1/2 hours, the temperatarn, began
to rise, until it reached approximate stabilization, fluctuatin_ around 250" F, as
shown in figure 92. This slight fluctuation of plus or minus 5 F was not oousidered
detrimental to bearing operation, and it is probable that increase In operating tem-
perature after 1-1/2 hours was caused by slight flaking of powder or s~iver burrs from
the retainer, irhich nevertheless did not prevent the bepring from performing ad-
equately. This test marked the second ball bearing, and the second bearing desing,
which performed successfully at 20, 000 rpm under simulated engine thrust load con-
ditions, demonstrating the degree of reliability which Ws been achieved with powder
lubrication at thia time. Curves showing speed versus stabilization temperatare (with
thrust load as parameter) for the B-5 series beatd-i-, including previous testing
with bearings B-5 and B-5c, are shown in figure 31.

Test E.-86 was performed successfully ot 20, 000 rpm with a thrust load of 75
pounds on the ball bearing. With a lubricator feedwheel speed of 4 rpm (estimate powder
flow of 0.025 grams per minute each bearing), ball bearing temperatire stabilized at
300 F. When feedwheel speed was increased to 8 rpm, bearinf temperature began
to drop slightly, showing indications of stabilizing at about N70 F. It was felt. how-
ever, that there was too much of a risk of powder caking in the bearing to warrant
continued testing at this high flow rate. Duqng this teat roller bearing temperature
did not stabilize but fluctuated between 1000 F and 1300 F, possibly due to some
powder caking In the bearing. Curves of race temperature versus time are shown
in figure 93.

Test E-87 was run at 20,000 rpm with about 90 pounds thrust load or the ball
bearing with a powder flow of 0.025 grams per minute each bearing (4 prm feedwheel
speed). The ball bearing chowed a moderate degree of temperature stabilizat-_on at
about 270 F, and the roller bearing stab~ized at 900 F as s1own in fig're 04.

It should be noted that with the successful completoe of test E-87, ball bearing
B-Sd had accomplished about 35 hours of running, including over 8-1/2 hours at
20, 000 rpm with 50 to 100 pounds thrust load.
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SPEED = 20,000 RPM
POWDER FLOW - VARIES, FEEDWHEEL SPEED AS FINDICATED (NOORMAL
2 RPM
THRUST LOAD - 50 POUNDS APPLIED AT 20 MINUr ES
BALL RACE POSITION 1 - o

ROLLER RACE THERMOCOUPLES INOPERAfIVE
4a .FEEDWHEEL

280i

260 -

.- s - 0 0•_ . ...

240

. =° .... I !O
22

(4 160

S140

BENT AN) EST THUStT AIR

*1 ~60

0 20 40 60 80 100 120 140 160 180

TMWE- ML.'I.ITL-- lltuv 92. ;lgl~r,- +F-85, Bearing Outer Race Temperature Versus Timm
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SPEED = 20,000 RPM
POWDER FLOW VARIED; FEEDWEEEL SPEED AS INDICATED; NORMAL
IS 2 RPM
THRUST J OAD: 75 LB APPLIED AFTER 15 MINUTES

L 4+----8 FEEIDWHEEL

F______ 4I RPMf

320 - -

300 J
"• ': • BALL RCB,

280 -. 1 - --

260 - -

240- I
BALL RACE POSITION 1 -

1 220 2-0R•OLLER RACE POSITION 1 -
S200 _ •

BALL INLET I

180 _

N"

ROL Ut __1ET AM

340[

100 ROLLER RACE _ _

so -
6 L rAMBIENT

60 i20 180

TIME - MINUTES

Figure 93. Engine Test E-816, Bc4dv:: Outer Race Tenmrpture Vorme-a ftim
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SPEED= 20.000 RPM
POWDER FLOW - 0. 025 GRAM/MIM EACH BEARING (FEEDWII EEL 4 RPM)
BTHRUSTBL0 MIUERcLOAD:p(F1ON00 LB APPLIEDI AFTF 11 IS MINUTES, REDUCED TO 88 LB,

S.... ~2-a1O"'ROLLER RACE POSITION I

260

,!) 240
,, ii• " BALL INLET AIR '

200 RP E

' • ~180 )'

kl 140 - " ... .

BYME70IMINUTES

BALLRACEPOSIION CE
10ROLLER ULC POIIN2-

I "o

rlp a. Zvj To* 1g.,8W OW RAO* T*?ý e Veru Tim o

140

220
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